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SlMlilRY 

This thesis discusses the distribution and magnitude of lateral 
earth pressures on anchored bulkheads. The classical theories, the data 
obtained from model analysis, and the data obtained from observation of 
prototyes in the field have been accumulated and comparisons of results 
are presented. The most comprehensive work in this field has been accom- 
plished during the past decade (19iiit-195h);' accordingly, the authors have 
concentrated upon this period. 

The design of a successful and economical anchored bulkhead 
depends upon the understanding of the degree and type of interaction between 
soil and bulkhead and the consideration of the factors which may, either 
during or after construction, affect this interaction. Such design must 
then be, at the state of our present (195U) knovdedge, relogatcid at least 
partially to what is often loosely tenned "Engineering Judgment" rather 
than to the blind acceptance of any one method or theory of design. It 
is in the hope of furthering the development of this judgnent that this 
thesis is v/ritten. 

It is essential that differentiation betv/eu'n conditions affect- 
ing a bulkhead installation in sand and conditions affecting a bulkhead 
installation in clay be made. This is fundamentally obvious in that tho 
structural prop^^rtios of the t>/o materials are so basically different. 

Sands are relatively incompressible, unloss in a very loos^ state, un- 
afaected by passage of time, and depend on intergranular pressures for 
the stability of the sand mass. Clays art relatively more compressible, 
subject to plastic flow with time, and depend on a very complex particle 
interaction, termed cohesion, for the stability of the clay mass. 

.1 S 8 3 1 
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In construction in sand, th>, interactions betwct.n soil and 
bulkhead in the case of a sunk and dredged wall with rigid supports 
and the case of a backfilled wall with yielding supports are entirely 
different. In the sunk and dredged typo, redistribution of pressure 
results from the development of passive pressures above anchor level and 
from thv,' formation of vertical and horizontal arches in the sand mass. 

The stability of a sand arch, particularly a vertical sand arch, is highly 
questionable. In the backfilled type, the resulting pressure distribu- 
tion is duo to the transmission of lateral forces to the underlying sand 
by shear. The formation of a vertical sand arch is impossible due to 
the. absence of an upper abutment during the backfilling operation. 

In construction in clay, th.j degree of plasticity and thu 
sensitivity of the particular clay must bo taken into account, i^ince it 
has not been possible to establish correlation between the classical 
concept of Coulomb and Resal and the actual pressure distribution in the 
field, it appears that design may have to be based on the neutral pressure 
or consolidated equilibrium approach. The applicable active lat-ral 
earth pressure coefficient then depends on the plasticity or the degree 
of brittleness of the clay and the loss of strength which may develop 
with possible remolding. 

The savings which result from the reduction of section modulus 
required to withstand the bending monient d<-veloped by the active lateral 
earth pressure in the case of eith^^r sands or clays is a function of the 
position of the point of zero moment, or in other words, of tho degree 
of fixation of the embedded portion of the bulkhead. This in turn is a 
function of the development of wall friction on the passive side of the 
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bulkhcad, the deflection of the bulkhead at tht dredge line, and the 
fixation of the embedded portion of the bulkhead by pressures on the 
active (land) side. This fixation occurs even when thuse pressures are 
smaller than active pressures at the dredge line. The degree of the 
effectiveness of the above items is dependent on the degree of flexibility 
of the sheet pile wall. The case is analogous to that of an indeterminate 
structure involving different loads and section moduli in which the result- 
ing bending moment on the lighter section is reduced through redistribu- 
tion of stresses. A more flexible bulkhead will develop smaller bending 
moments due to the greater upward displacement of the resultant of passive 
pressure and a consequent shortening of the effective span while a stiffer 
Section may develop a bending moment more nearly approaching the classical 
condition of Free Earth Support. 

attention is invited to two conditions in particular whose 
effects on the distribution of pressure remain as unknown quantities for 
at least th>- time being. These arc: (1) In the case of construction in 
sand, the effects of vibrations such as would be imposed by wave* action 
on tho stability of pressure distribution in the sand mass and the r^^sult- 
ing change of pressure distribution, and (2 ) in the case of construction 
in clay, the effects of plastic flow with time on tho pressure distribu- 
tion in the clay mass and the change of pressure resulting from such 
plastic flow. 

From the results of comparisons of various factors affecting 
designs and the vaidous methods for design as treated in this thesis, it 
is considered that the method outlined by dr. G. P. Tschebot orioff of 
Princeton University as the Simplified Equivalent Beam Method for 



-IV- 



bulkhoad design in sands is the .nost straight forward and most satisfactory 
cf those examined for adaption to design purposes. The only restriction 
which is applicable to this method is that the flexibility of the sheet 
pile be within the r<onge which would result from the use of rolled steel 
sections cr high strength concrete sections made necessary by the provi- 
sions of design computations. Very stiff sections, although probably on 
tho safe side, would preclude the interaction of bull-chead and sand as 
heretofore described. 

It is further considered that the consolidated equilibrium 
appro.ich for the design of bulkheads in clays, also as proposed by 
Dr. Tschebotarioff, is the method which promises to more nearly approach 
the duplication of actual pressure distribution. However, in this case 
it does appear that the dependence upon the point of zero moment in 
the bulkhead remaining at the dredge line must be based on the absence 



of subsequent plastic flow of the clay in which the bulkhead is embedded. 
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I 

INTRODUCTION 

The non-conformance of actual and theoretical earth pressure 
distribution and magnitude on flexible v/alls of various materials has been 
recognized for at least some fifty years. During this period various 
theories have been proposed and various methods for the design of anchored 
sheet pile bulkheads have been advanced. Sane have been based on purely 
theoretical grounds, some have been derived from the success of apparently 
underdesigned structures, and still others have been formulated from care- 
fully conducted tests with models simulating prototype conditions. Some 
of these differences are reflected in sheet pile bulkhead construction 
during the years. 

A comparison of the pertinent dimensions of many sheet pile 
bulkheads which have been built throughout the world is shovm in Table 1. 
Examination of Table 1 shows a considerable variation of depths of embed- 
ment and wall thickness or section modiilus for similar conditions of 
water depth. 

Even though the figures in this table indicate extremely vary- 
ing dimensions, no definite conclusions can be drawn because of the 
scarcity of published data on the soil conditions and method of design 
of these bulkheads. The very absence of this data would be sufficient 
reason to emphasize the need for collecting and publishing accurate in- 
formation pertaining to the soil conditions and design assumptions used 
on projects throughout the world. Progress can be made and economies 
realized as a result of experience provided experiences are recorded in 
a manner permitting their numerical evaluation. 



- 2 - 



Table 1 

Comparison of Sheet Pile Bulkhead Structures 
Concrete Sheet Piles: 



Location 


i/7ater 

Depth (ft.) 


Depth of 
Embedment (ft.) 


Wall Thick- 
ness (in.) 


Relieving 

Platform 


Rel 

No 


San Diego 


ho 


20 


2h 


Yes 


18 


Amsterdam 


38 


2h 


22 


Yes 


35 


Rio de Janeiro 


35 


11 


13 


Yes 


39 


Amsterdam 


33 . 


28 


18 


Yes 


35 


Copenhagen 


33 




15.7 


Yes 


hi 


Lubeck 


32 


9 


12 


Yes 


39 


Aalborg 


27 


25 


13 


Yes 


39 


Flensborg 


27 


7 


12 


Yes 


39 


Aalborg^ 


25 


7 


10.3 


No 


hi 


Norresundby 


25 


25 


lU 


Yes 


39 


Lowestoff 


20 


9 


8 


Yes 


39 


Poole 


18 


8 


12 


Yes 


57 


Thames 


16 


6 


7 


Yes 


39 



■ii-The pier construction referred to by the second Aalborg listing in 
Table 1 is the first of a series of very light structures constructed 
by the Danish firm of Christiani and Nielsen. Although this pier was 
of lighter section than other structures of comparable water depth, it 
is not only still in service but in good condition after nearly $0 
years of use. 

**Driven to refusal in rock. 
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Steel Sheet Piles: 





V^ater 


Depth of 


Section Modu- 


Relieving 


Ref 


Location 


Depth (ft.) 


Embedment (ft.) 


lus (inV-ft) 


Platfom 


No. 


Germany, non- 
designated 


North Sea Porv‘ 


US 


38 


20U.0 


No 


2U 


Germany, non- 
designated 


Baltic Port’* 


UU 


37 


187.1 


Yes 


2u 


wilhelmshaven’^ 


h?. 


38 


20U.0 


No 


2S 


Bangkok 


ho 


21 


2S.1 


Yes 


U7 


Germany, ncn- 
designa-'-ed 


Balt-i.c Port*’' 


36 


hi 


13S-S 


Yes 


2h 


Galveston 


3S 


21 


U6.8 


No 


h 


Germany;, nrn- 
det.i'-nnted 


BaltL.', port^ 


32 


32 


110.3 


Yes 


2U 


Miami Beach 


30 


11-:h^ 


38.3 


No 


U 


Jacks on\d.lle 


30 


20 


36.0 


Yes 


h 


Amfreville 


26 


10 


SS.8 


No 


Ih 


Savannah 


26 


lU 


U6.8 


Semi 


U 


Dieppe 


2U 


16 


SS.8 


Yes 


Ih 


Toledo 


22 


IS 


IS. 3 


No 


h 


Far Rockaway 


20 


17 


38.3 


No 


h 



-JS-The section modulus in the ..'ilheLnshaven case and in other cases quoted 
as "non-designated German ports" (non-designated because publication 
occurred during World <Var II) is high in comparison with American 
standards. They represent German Peine rolled sections which resemble a 
wide flange section Tivj.th two interlocks at each joint. 



-:«fDriven to refusal in rock. 
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Various analytical and combined analytical and experimental 
treatments of bulkhead design have been published during the period be- 
tween the turn of the century and the present time. However, it has not 
been until the past decade (19iiii-195U) that the measuring techniques 
have been developed to a sufficient degree to provide definite data on 
v;hich theoretical work could be based. During this period a series ol 
tests with model bulkheads at 1.5 and 1.10 model scale have been per- 
fomed by Dr. G. P. Tschebotarioff at Princeton University under the 
auspices of the Bureau of Yards and Docks, U. 3. Navy, and have been 
reported in the Final Report on Large Scale Barth Pressure Tests .v'ith 
Model Flexible Bulkheads (Ref. ti6, 19U9)« Another series of model tests 
at a reduced scale but increased number of individual tests were con- 
ducted later by Dr. P. rt. Rowe at St. Andrevirs University, Great Britain, 
and reported in Proceedings of The Institution of Civil i^^ngineers, 
January, 1952 (Ref. 36, 1952). Measurements of the deflection of full 
scale bulkheads in the field were conducted in the harbor of Bremen, 
Germany, by Dr.-Ing. Dietrich »/iegman and were recorded in a doctoral 
dissertation presented at the Technical University of Hanover, Germany 
(hef. 59^ 1953)* A combine of contractors working under the group name 
of Pacific Island Engineers conducted measurements on the anchor pulls 
developed on a full scale bulkhead constructed on the island of Guam in 
the Pacific and submitted a report to the Bureau of Yards and Docks, 

U. S. Navy (Ref. 30, 1951)* Measurements of pressures and anchor pulls 
v/ere conducted by Prof. C. Martin Duke of the University of California 
on a full scale bulkhead constructed in the harbor of Long Beach, 
California, and the results were published in the Transactions of the 
iiraerican Society of Civil Engineers (Kef. 15> 1953)* Studies of the 
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«ifrect of thfc angle of wall friction on tha value of the passive pressure 
coefficient Kp were made by Dr. G. P. Tschebotarioff by means of a 
medium scale testing apparatus under a project of the Office of Naval 
Research, U. 3. Navy, and results were published in form of a project 
report as The Effects of Restraining Boundaries on The Passive Resistance 
of bands. (Ref. 51, 1953) 

It is the intent of this paper to assemble the more pertinent 
parts of this wealth of new information, to combine it vd.th the con- 
clusions of earlier analytical and observational studies, and to compare 
the results thus obtained with the design theories, both old and new, 
v^hich have been advanced through the years. It is believed that only 
bythis method, b.y the correlation of theoretical analysis, model studies, 
and full scale field measurements, and by this method alone can a suffi- 
cient knowledge of what may be termed the interaction of bulkhead, anchor- 
age, and soil be gained to realize the monetary savings which a study of 
the inconsistencies of Table 1 indicates to be possible. 




r. I ; f‘- 
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-ifl’tict of thfc angle of wall friction on the value of the passive pressure 
coefficient Kp were made by Dr. G. P. Tschebotarioff by means of a 
medium scale testing apparatus under a project of the Office of Naval 
Research^ U. S. Navy, and results v»ere published in form of a project 
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and full scale field measurements, and by this method alone can a suffi- 
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the inconsistencies of Table 1 indicates to be possible. 



- 6 - 



II 

EARTH PRESSURE THEORY 

A. Classical Theories of Earth Pressure 

The purpose of this section is not to provide a detailed analy- 
sis of the classical theories of earth pressures but rather to present 
the end products of the theories in such a manner as to permit their 
application to the analysis of anchored bulkheads. The methods of Coulomb 
and Rankine have been covered in detail elsewhere by Terzaghi (Ref. h3> 
19U3)j Brown (Ref. 6, 19^8) and Tschebotarioff (Ref. 1951) and re- 
peating tliem in this paper is considered unnecessary. 

The concept of active and passive earth pressure is shown in 
Fig. 1 in very much the same manner as was first presented by Coulomb in 
1776 , the basic difference being (Ref. k7) 1951) that Coulomb considered 
the entire mass of soil involved as working as a iinit while the concept 
illustrated in Fig. 1 considers only an infinitely small element of 
the soil. 

If the infinitesimal element is located on the backfill, or 
retained, side of the wall as shown at the right of Fig. 1 (III), the 
stress condition shown in Fig. 1(1) will exist if vfe assume plane sur- 
faces of failure and neglect the effect of wall friction & . The unit 
vertical pressure d" due to surcharge and overburden will be less 
than the unit lateral pressure 0“^ due to the resistance on the shearing 
plane. This is denoted the active case and the vertical and lateral 
pressures are related by the coefficient of active lateral earth pressure 
Kq virhich we may take from the derivation given by Tschebotarioff 




FIG. 1. Diagrams Illustrating the Terms Active and Passive Earth Pressure. (l) 
Active State; cr, >0j . (ll) Passive State; (ill) Active and Passive Earth 

Pressure in the Case of a Massive Gravity Wall Slipping Along Plane 3-3'. (After 
Tschehotarioff , Ref. kj , 1951) 




FIG. 2. Effect of Wall Friction on the Values of the Active and of the 
Passive Earth Pressure of Cohesionless Soils Showing Curved and Plane 
Surfaces of Failure. (l) Active Case. (ll) Passive Case. (After 
Tschebotarioff, Ref. kj , 1951- ) 
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(nef. ii7, 1951) as follov^s: 

Ka = (U5° - L) - ^ tan (U5° - ^ ) 

cn. 2 2 

where: 

)Z( = cingle of internal friction 

c = cohesion, or in a frictionless soil th^ shearing 
strength. 

If vie consider the infinitesimal element as located in the zone which is 
restraining the forward movement of the soil as shown at the left of 
rig. 1 (III), the stress condition shown in 1‘ig. 1 (II) vd.ll exist if wc 
again assume plane surfaces of failure and neglect wall friction S . 

The unit lateral pressure o" ^ in this case will be greater than the 
unit vertical pressure C again due to the resistance on the shearing 
plane. This condition is designated the passive case and the lateral 
cmd vertical pressures are related by the coefficient of passive lateral 
earth pressure Kp which we may take from the derivation given by 
Tschebotarioff ( Ibid . ) as 

Kp = 511 = tan2 (1,5° + 2 ) + ^ ^ ^ 

<rl 2 rt 2 

From the above described relation of cr i and cr it is evident that 
if the effect of wall friction 6 is neglected and plane surfaces of 
failure are assumed the values of the lateral earth pressure coefficients 
must be 

Ka < 1.0 < Kp 

It is to be further noted from the above described equations 
that for a granular cohesionless soil (c = 0) the term on the extreme 
right for both equations for and Kp becomes zero and from the 
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trigon ©metric identity 

tan (U5° + - ) 
2 

we have the relation 



1 

tarTTII^'-”^~y 



Kn = — 

P K, 



The assumptions of this relationship are on the safe side and for this 
reason are often made during the design of anchored bulkheads. The 
actual relation of and Kp, considering wall friction S , is discussed 
in a following paragraph of this section. 

If we consider a frictionless cohesive soil (0 = 0), and assume 



that <T is equal to the weight of the overlying soil y times its 
depth h, the equations for and Kp become 



and 



from which 



Ka = 1 



2c 

/h 



1 + 



2c 

Th 



Kp = 2 - 

which may be taken as the classical relationship of the coefficients of 
lateral earth pressure in clay soils. It must be emphasized that this 
relation will only apply if the value of K-j is greater than zero. Kp 
will be greater than 2 if K^ is a negative quantity. However in practice, 
Kjj is then taken equal to zero since otherwise the soil would have to be 
relied on to take tension. 

This theory if correct provides an inexpensive method for 
determining the value of Ka and Kp in the case of clay soils by use of 
the unconfined compressive strength q^. For if the value of O' ^ at 
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failure, which is identical with q^, is equal to (Ref. hi, 1951) 

^ 1 = % = o"3 (U5° + |) + 2c tan (U5° + | ) 

and cr^ is equal to zero in the unconfined test, then 

2 ~ f ^ 

and if the material is frictionless (0=0), we obtain 

C = % 

T 

From this lateral earth pressure coefficients in the case of clays may 
be expressed as 

K = 1 + 

yh 

The degree of correctness of this convenient approach is discussed in a 
later section. 

The above described values of K_ and are based on the condi- 

a p 

tion that lateral movement, either expansion or compression, is possible 
and that they represent the limit values assuming that the full frictional 
resistance and that full cohesion are both developed simultaneously along 
the entire surface of the plane of failure. This assumption is illustrated 
in Fig. 6. In the classical theory, the stress strain curve would rise 
vertically to its maximum value and would then break at that point which 
represents mobilization of full resistance and continue as a horizontal 
line. The actual curves for dense and loose sands are shown for compari- 
son. The maximum point on the curve for dense sand is due to interlock- 
ing of grains and to friction developed on boundary surfaces. Actually 
the expansion theoretically required to produce the full mobilization 
of friction would probably reduce the slope of the curve as shown. 
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Since these values of and Kp, as derived, represent the 
maximum and minimum values reached at failure conditions, the lateral 
earth pressure of stable soil not in the state of rupture should lie 
somewhere between these values. In this paper this will be denoted 
consolidated equilibrium pressure. It has at other times been variously 
called neutral earth pressure and earth pressure at rest. 

B. Effect of vVall Friction on the Coefficients of Lateral Earth 
Pressure 

The preceding discussion of the determination of lateral 
pressures by an approach similar in nature to Coulomb's involved two 
simplifying assumptions. These were that the value of wall friction 
be neglected and that fciilure would occur along a straight plane. 
Actually these conditions do not apply in practice and their effect is 
illustrated in Fig. 2. 

The active case is considered in Fig. 2 (I) and from that 
illustration it is evident that the assumed plane of failure a-b varies 
but little from the approximate actual surface of failure a-d. From 
this, it can be inferred that the effect of wall friction will be small 
in the case of K^. This is substantiated by consideration of the force 
polygon in Fig. 2 (I), as the soil mass tends to slide down past the 
wall, friction forces are developed at the face of the wall which tend 
to support the soil mass. Cne component of this force acts along the 
direction of tho failure plane thus increasing resistance to sliding. 
However, the other component acts aviray from and approximately normal to 
the failure plane. As the effectiveness of friction is dependent on the 
normal force, which is reduced by this component, the two effects tend 



to cancel each other. 




i 
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The passive case is considered in Fig. 2 (II) and the difference 
in the assumed plane of failure a-b and the approximate actual surface 
of failure a-d indicate that a considerable difference may be anticipated 
in the value of passive lateral earth pressure due to consideration of 
v/all friction. Examination of the force polygon in this case shov;s 
that both components of the frictional force developed at the wall sur- 
face by the upward movement of the material act to resist failure. The 
displacement of the curve of failure below the toe as shown by the arc 
a-c results from the combined effect of the two components being smaller 
in this area than on the theoretical plane surface of failure according 
to Coulomb. 

In the case of anchored bulkheads, the action of wall friction 
may be examined qualitatively by the laws of statics. In the usual 
case found in practice the active wedge of soil "will tend to slip dovm- 
ward past the active face of the wall and the angle ol friction will be 
positive as shovm for this relative movement at the top of Fig. 2 (I). 

The embedded portion of the wall will tend to move forward in relation 
to the wall, and the angle of friction thus obtained will be negative 
as shown for this condition of movement at the bottom of Fig. 2 (II). 

From the principles of statics, the condition that H = 0 
must be realized or 

j^a ~ Ep + Ap 

From this it is apparent that the total active force Ej, must be greater 
than the passive force Ep. Considering the case of vertical forces, and 
designating the point resistance to penetration of the sheet piles as 
the weight of the wall as vv and the resultants and Ep as horizontal 
forces vfe must have ^ V = 0 for equilibrium or 
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W -t- tan 8 ^ = R + Ep tan o p 

Th^jreforj, as the weight W and the vertical component E^tan 6^ tends 
to force the wall into the soil, the movement is resisted by the verti- 
cal component Ep tan 8 p and the point resistance R. It has been shown 
above that Ep Depending then on the magnitude of R, it is probable 

that the coefficient of wall friction 8 p on the passive side must be 
mobilized to a much greater extent than on the active side in order to 
prevent the wall sinking into the soil. 

In the case of embedded anchor blocks, often referred to as 
"djad men," the: forward pull applied is the principal horizontal loaa as 
the active pressure may be assumed the same on both faces of the block. 
liVall friction may then bo developed by the displacement of soil in an 
upward direction before the block as the pull tends to move it into the 
soil. This is limited to thu case where the weight of the anchorage, or 
the combined weight and downward vertical component of anchor pull, is 
Sufficient to prevent the anchorage from rising with the restraining 
wedge of soil. This condition also results in a minus (-) value of 
wall friction 6 because of the relative movement of soil and anchor 
block. 

The possibility of developing a positive (+) value of the 
angle of v.all friction 8 on the passive race and the r:,ducing affect on 
the value of the passive pressure coefficient K must not be overlooked. 
This condition can occur when external forces tend to pull the embedded 
portion of the wall out of the soil so the components of the friction 
forces tend to reduce the resistance to failure. ^ example of this may 
be seen if the case of an open quay wall or piled wharf with thu sheet 
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pilc on the landward side is considered. n.artn pressura behind thv, sheet 
pile whari' plus any off shore pulls due to moored ships or other causes, 
will tend to rotate the wharf about some point in front of the sheet 
piles. This rotation would then tend to lift the piles out of the soil, 
thereby resulting in the development of a positive (+) value of the angle 
oi wall friction. 

The effects which consideration of wall friction S .and of 
considering curved surfaces of failure has on and Kp are shown in 
Table 2 which has been taken from Kef. U7. Values of K-j and of Kp 
are shown both on the basis of plane surfaces of failure and on the 
basis of curved surfaces of failure. The values for the latter are 
enclosed in parentheses. 



Table 2 



Lateral Earth Pressure Coefficients 







Values 


of 






Values of Kp 




8 




0 




250 


300 


350 


ii0° 


250 


30 ° 


35° 


1|0° 


-Uo° 








0.77 

(0.88) 








92.3 

(17.5) 


-30° 




0.87 

(0.98) 


0.50 


0.36 




10.0 

(6.W 


15.3 

( 9 . 7 ) 


25.1 

(1U.6) 


-200 


0.61 


0 .U 7 

(0.U8) 


0.36 


0.28 


U.6 

(U.l) 


6.1 

(5.U) 


8.3 

(7.5) 


11.9 

(10. U) 


-lOo 


o.hl 


0.38 


0.30 


0.2U 


3.3 

(3.3) 


U.2 

(U.2) 


5.3 

(5.3) 


7.0 

(7.0) 


+ QO 


O.hl 

io.Ui) 


0.33 

( 0 . 33 ) 


0.27 

( 0 . 27 ) 


0.22 

(0.22) 


2.5 

(2.5) 


3.0 

( 3 . 0 ) 


3.7 

( 3 . 7 ) 


U.6 

(U.6) 


+10O 


0.37 


0.31 


0.25 


0.21 


1.9 


2.3 


2.7 


3.3 


+200 


0.36 


0.30 

( 0 . 30 ) 


0.25 


0.20 


l.I; 


1.7 


2.0 


2.U 


+300 




0.30 

(0.31) 


. 0.25 


0.20 




0.87 

( 0 . 53 ) 


1.3 


1.7 


+U0° 








0.20 

(0.22) 








0.77 

( 0 . 52 ; 



iifter Tschebotarioff (Ref. U7jl?5l 

Note : The Kp values given on Table 2 refer to the resultant pressure "E" — 

see sketch on Fig. 3* To obtain the Kp values which correspond to the 
horizontal component E cos 8 of the earth pressure, the values of 
Table 2 should be multiplied by cos S (for 8 = 30°, cos S = 0.86?). 

A tabulation of values for E cos 8 is given in Ref. 21. Subsequent 
comparisons of different methods of design in this thesis are based on 
the value of Kp = 6.1;. ns shown on Fig. 3 this value corresponds to 
8 = 300 and '0 = 31.$^, 




\ 



- 15 - 




0 

FIG. 3. Relationship Bctvirean "Kp" Valuos Based on Value of Barth Pressure 
"E" and on Value cf its Horizontal Component "E cos 8" for an 
iingle of Wall Friction S = 0. 
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Thc earth pressure coefficients computed on the assumption of 
plane surfaces of failure were taken from Krey (Ref. 26, 1^12-1936), 
and the coefficients computed on the basis of curved surfaces of failure 
v^ere taken from Caquot and Kerisel (Ref. 9> 19U8). It is to bo noted 
that the values of passive earth pressure coefficient Kp considering 
an angle (-) 8 and curved surfaces of failure are much smaller in 
general than the values based on a plane surface of failure. 

Tests very recently conducted by Tschebotarioff at Princeton 
University under the auspices of the Office of Naval Research of the U. S. 
Navy, have added a practical approach to the mathematical analysis on 
which these values of Kp are based. The apparatus used for these tests 
permitted the measurement of all forces transmitted to the sides, back, 
and bottom of a 3'x6'xl0' box. Pressures were applied to the sand fill 
by a 3'xlO' and a 2’xlO' wall of the box. Apparatus and results are 
fully described in Ref. $1, 1953* 

This series of tests has shown that even the values of Kp pro- 
posed by Caquot and Kerisel are too large, particularly for the assump- 
tion of large values of minus wall friction angles. In view of these 
differences between theoretical values and values obtained from test 
results, Tschebotarioff has proposed the following procedure for includ- 
ing the effects of v.'all friction for practical design purposes (Ref. ^ 1 , 
1953) in the case of sands; 

Kp = tan2 (U5° + | ) CpC' 

where : 

Cp = coefficient correcting for the effect of wall friction 
dependent on the nature in which the wall friction is 



mobilized. 



0 
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C = coefficient correcting for the density of the sand and 
for the effect of underlying boundaries. 

In assigning values to the coefficients Cp and C, Tschebotarioff 
makes the reservation that the tests were conducted by static loadings 
and that his proposed values may not hold for conditions where the vibra- 
tions set up by pounding waves affect the soil structure. On this basis 
his recommendations are: 

Cp = 2.0 for clean sand in the passive zone of a normal anchored 
sheet pile bulkhead where the action of the bulkhead will 
result in the development of a negative (-) value of the 
angle of wall friction S . 

Cp = 1.6 for clean sand in the passive zone before anchor 

structures which must depend on the movement and conse- 
quent loosening of the sand for the development of a 
negative (-) value of angle of wall friction 8 assuming 
that the stnicture has sufficient weight to prevent being 
lifted by the cinchor pull and sand reaction. 

Cp = O.ii for clean sand in the passive zone of cas^s where the 
bulkhead or other structure may be pulled out of the sand 
thus developing positive (+) values of tho anglu of wall 
friction S . 

C =1.0 for dense to medium sands. 

C =0.7 for very loose sands. 

C = 0.6 for cases involving the development of negative (-) 

values of angle of wall friction S if th^ sand layer is 
underlain by soft clay. 
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It is to be noted that a study on the effect of wall friction 
and adhesion on the factor of safety involved in earth resistance compu- 
tations has been made by Heller (Ref. 21, 195U)* 

C . Classical Theory of Pressure Distribution and the 
Effect of vVall Movements 

According to the classical theories of earth pressure, the dis- 
tribution of pressure on a vertical wall considering no wall friction and 
plane surfaces of failure would be triangular as shown in Fig. U (I) 

(Ref. 1, 1951). It is to be noted that for material having some cohesion 
those theories indicate a tensile zone Zq at the top of the wall. Be- 
cause of the unknown properties of cohesive soils in tension, Cain has 
considered that to neglect this tensile force is logical with the result- 
ing pressure diagram as shown in Fig. U (II). Probably what v/ould occur 
is the formation of tensile cracks as shown in Fig. 9 (II) so that the 
actual pressure distribution in this zone Z follows neither of the 
assumptions. The actual measured pressure distribution in cohesive 
soils is discussed in Section III. 

The classical distribution of pressures as illustrated in 
Fig. U is computed on the basis of a rigid immovable wall. In the case 
of yielding or flexible walls, Ohde (Ref. 29, 1938) has demonstrated 
mathematically the pressure distributions shown in Fig. 7- It is to bo 
noted that the only case in which the classical assumption of triangular 
distribution of pressure holds is in the case of rotation of the rigid 
wall about the toe as shovm in Fig. 7 (!)♦ In the case of a wall rotated 
about the top, a parabolic distribution develops as shown in Fig. 7 (II). 
In the case of a flexible wall, pinned to immovable supports at the top 




FIG. 4. The Distribution of Active Lateral Earth Pressures. (After 
Tschebotarioff , Ref. 47, 1951) 




FIG. 5. Active Lateral Pressures of Cohesive Backfills Showing: (l) 

Results of Princeton Model Tests and (ll) Conventional Conceptions. (After 
Tschebotarioff, Ref. 45, 1948.) 




FIG. 6. Stress-Strain Curves for Cohesionless Soils Showing: Compact 

Sands (Curve l) and Loose Sands (Curve 3) as Determined by Comprehensive 
Laboratory Investigations, the Classical Theories (Curve 2), what may be 
Expected in the Case of Sands Loosened by Expansion (Curve 4), and the 
Expected Influence of Vibrations (Curve 5). (After Tschebotarioff , Ref. 
^9, 1952.) 




FIG. 7. Diagrams Illustrating Pressure Distribution Resulting from 
Rotation about the Toe, Rotation about the Anchor and Yielding of a 
Flexible Wall. (l) Rotation of a Rigid Wall about the Toe. (ll) 
Rotation of a Rigid Wall about the Anchor, (ill) Yielding of a Flexible 
Wall with no Rotation. (After Ohde, Ref. 29, 193^» ) 
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and bottom and allowed to deflect at the mid-point, the v;xpansion of 
material at the mid-height results in relief of pressure and the pressure 
distribution shown in Fig. 7 (III) results. 

The distribution of pressures in the case of yielding walls is 
a complex study involving amount of yield, type of yield, expansion of 
material, effectiveness of wall friction, and interlocking of grains of 
gr-anular materials. As this paper is primarily concerned vrith the dis- 
tribution of pressures on anchored bulkheads, such a general study is 
considered beyond its scope. Five examples of the typical forms of 
distribution of pressure on bulkheads, as determined by Tschebotarioff 
from model tests (rtef. U6, 19U9)> are shown in Fig. 8. 

D. Primary Classification of Soils 

In general, the proposed design theories for anchored bulkheads 
have so far recognized only two ciassilications of material, namely s-^nd and 
clay. Sand is considered to be cohesionless (c = 0) and is dependent 
on the angle of internal friction (0 > O) for its characteristics. 

Clay is considered to be frictionless (0 = 0) and is dependent on its 
cohesion (c ^ 0) for its properties. The following sections of this 
paper have been divided in this same manner whenever possible in order 
to help simplify the general approach. 

Unfortunately, the conditions encountered in the field follow 
anything but this simple pattern. Materials encountered may consist of 
more or loss homogenous mixtures of sand, silt, and clay, or of layers 
of these materials in fairly well defined strata. Very little is known 
about the action of these various mixtures as most model expeiiraents 
have been performed using either clean sand or clay entirely. 
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Some experiments have however been performed by Tschebotarioff 
with homogenous sand-clay mixtures placed in fluid state which gave 
the following indications after consolidation: 

70% sand ) 

) 

20^ silt ) behavior essentially like clay 

) 

10^ clay ) 

6$% sand ) 

) 

10^ silt ) behavior essentially like sand 

) 

$% clay ) 

The above conditions are taken from Ref. U7 • It should also be noted 
that tho second mixture, when in loose state, produced higher lateral 
loads when subjected to vibration than were recorded in the case of 
clean sand of approximately the same initial degree of compaction. Con- 
vorsely it was also found that the addition of small amounts of clay to 
sand which was then thoroughly compacted reduced the effect of vibration. 
The above proportions are not intended to be taken in the form of a firm 
recommendation as to the characteristics of material, but rather as a 
guide in assuming the action of the soil in question. 

fiven less is known about the interaction of stratified layers 
of materials of different characteristics. Current practice is to assign 
an appropriate value of coefficient of lateral earth pressure to each 
layer and assume that the pressure applied by each strata acts independ- 
ently of other adjacent layers. This assiamption appears as sound as any 
at our present (1?5U) state of knowledge. However, the possibility of 
developing high pore pressures in clay layers which aru loaded subsequent 
to construction of the bulkhead must not be overlooked, also the possible 
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inadequacy of the entire design duo to shear failure on a circular 
plane must be examined in cases involving deeper lying strata of clay. 

All in all, a considerable amount of judgment must be exor- 
cised in determining whether the material will act more like a clay or 
mort- like a sand. 
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III 

F.iCTOhS COIJTRIBUTING TO THE DECREASE OF PRESSURE 
AND BENDING MOMENTS 

a. Liaitations of iinalytical Solutions 

It has long been common knowledge that the pressures acting 
against flexible sh«et pile anchored walls are not of thw same order of 
magnitude as those encountered in other forms of more rigid retaining 
construction. Numerous explanations for these pressure reductions hav^ 
been advanced, and several proposals for reducing the pressures comput<-d 
by the classical methods of Coulomb and Rankine have been made. Some 
of these reduction coefficients have been arbitrary, some have been bas^d 
on long observation of construction practices, and some have been based 
on carefully conducted model tests. 

The development of a direct analytical solution has not been 
accomplished, nor does it appear that it v^ill be possible to phrasc- all 
of the imponderable factors in mathematical terms. An attempt at this 
has been made by J. Brinch Hansen (fief. 23 , 1953 ) using the Hotter 
equation; however, the analytical method proposed is based on computing 
failure conditions and then applying a Factor of Safety. The possibility 
of a thorough chock of this method by full scale tests is obviously 
remote: due to the cost v/hich would be involved. Furthermore, the 
pressures developed prior to failure are of primary concern and may be 
quite diff.-rent from those at rupture conditions. A mathematical 
analysis by Ohde (Ref. 29 , 1933 ) has closely approximated the pressure 
distribution obtained in the limited case of arching of sand produced by 
a sunk wall with iiruiiovable supports. However, the intricacies of the- 



4 




-23- 



solution rend.-r It impractical for general use. 

n.e diacussion must therefore be limited to a qualitative 
analysia of the ccplex functiona which affect the preaaure diatribution 
by aa a result affect the bending moments, the anchor pulls, and 
the tendency of the passive pressure support to fail. ..a elsowhoro in 
this thesis, the characteristics of bulhheads embedded in sands will bo 

aiscussed first and of bulkheads embedded in clays will be discussed 
second, both in separate sections. 

!• Arching. 

Until the results of recent (post MO) model tests and measure- 
-nts on full scale bulkheads became known, the reduction of active 
pressures on a bulkhead was almost entirely attributed to the fomation 
ritcal sand arch, of low rise and abutted at the dredge line and 
nnehor line, induced by the fon,ard deflection of the bulkhead at mid- 
3pan (fief. 1.2, 1536 and Ref. 1.0, 1935). It was on this concept of the 
vertical sand arch that the Danish Rules were based although they were 
not spocifically limited to the case of sands, .bid it was also on this 
same concept that Stroyer (Ref. 39, 1937) published a chart for the re- 
duction Of bending moments obtained by the Free barth Support theory with 

pressure distribution according to Coulomb. Again as in tb- 

ngoj.n, as in tha case of the 

Danish Rules, no limitations were placed on this method which depended 

solely on the ratio of the thickness of the wall to the span and on the 
angle of repose of the bickfill material. 



Howeverj in a doctoral dissertation presented to the Technical 



Univv^rsity of Aachen in 1952 (hc-f. \x9 , 1952), Tsehebetarioff has con- 
clusively shown that the concept of arching, as applied to reduction of 
active pressures on bulkheads, must be limted to the special case of 
dredging in front of a sunk wall connected to unyielding anchorage. Jua 
example of the pressure distribution obtained by simulated dredging 
during the Princeton series of model tests (Ref. Ii 6 , 19U9) is shown in 
Fig. 10. This is the only type of tests in which this form of pressure 
distribution 'was obtained. 

No indication of arching was shovm by the pressure distribution 
obtained in the case of backfilled vfalls. The absence of any arch action 
in the latter case is logically explained as due to the absence of soil 
which must form thu upper abutment of the vertical arch during the back- 
filling operation in the case of filled bulkheads, and further, to the 
progressive yield of the anchors of this type bulkhead as continuing 
filling imposes increasing loads. 

This latter factor, that is yield of anchorage, is of paramount 
importance in the consideration of arching. This is due to the nature 
of the vertical arches whose low value of rise (distance between the 
crovm and a line connecting the abutments) gives the arch a very unstable 
characteristic. This has been demonstrated in model tests conducted by 
both Tschebotarioff (Ref. I 46 , 19U9) "ind uowe (Ref. 36, 1952) v/hereby the 
effect of arching developed by simulated dredging of a sunk wall was 
destroyed by very minor anchor movements. The reduction of pressures 
in most cases must therefore be attributed to other causes than the 
formation of a sand arch. 
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These causes are the action and interaction of fcur different 
functions as illustrated in Fig. 11. /i/ith reference to the designated 
zones of that figure, the causes of decrease are: (1; high position of 

resultant oi passive pressure, (2) transmission of a portion of the 
active pressure to the soil beneath the dredge line by shear, (3) the 
development of passive pressures above the anchor line, and (h) the 
development of some degree of fixation. These functions are each dis- 
cussed in the following four sections. 

2. The Actual Position of the Resultant 

of Passive Pressure as Compared vdth the 
Classical Concept 

According to the theoretical concepts of Coulomb and Rankine, 
the passive pressure resultant would pass through the center of gravity 
of a triangle or in other words, a point one-third of the embedded depth 
above the toe at full mobilization of passive pressure. According to 
Krey (Ref. 26, 1936), th.- resultant of passive pressure would pass 
through the center of gravity of a trapezoid where only a partial mobiliza- 
tion of passive pressure is required to maintain stability. The concept 
of these classical theories will be dealt vdth more fully in the subse- 
quent section on Free iarth Support. 

Actually the results of tests conducted by both Tschebotarioff 
and Rowe (Rel. h6, 19it9 and uef. 36, 1952) shov/ that in the case of a 
backfilled bulkhead, the passive zone of which is not subjected to severe 
vibration, the resultant of passive pressure is located considerably 
nearer to the dredge line than is indicated by the classical concepts. 

This is shown by the typical passive pressure distribution for this type 
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of bulkhead as given by cases I and II of i'ig. 8 and by Fig. 9. Further 
examination of these illustrations show that the values of passive earth 
pressure coafficient Kp developed were much higher than those obtained 
under the assumption that the angle of wall friction 8 equals zero, 
which assumption is generally made in connection with the classical 
conceptions. This high value of Kp is due to the mobilization of wall 
friction by the forward movement of the wall into the passive zone as 
illustrated by Fig. 2 (II) which gives the effect of the wall being forced 
downward past the sand. According to the tests conducted by Tschebotarioff , 
the values of Kp were found to vary from 6.0 to 12.0 in the case of back- 
filled walls except when the v/alls were subjected to extreme vibration 
of the passive zone by lowering a concrete spud vibrator into the sand 
on 6-inch centers, or when the anchors of the wall v;ere subjected to 
extreme movement amounting to release of over $ 0 % of the anchor pull, or 
when the relative depth of embedment was quite shallow. 

Critical examination of the pressure diagrams and the deflection 
diagrams of Tschebotarioff ' a "Final Report on Large Scale Jiarth Pressure 
Tests with r.iodel Flexible Bulkheads" submitted to the Bureau of Yards 
and Docks, U. S. Navy 19lt9 (Ref. U6) indicates that the general trend is 
toward the development of the highest values of Kp when the lower part 
of the embedded portion of the bulkhead maintained a relatively vertical 
position and the u^^per part of the embedded portion rotated forward 
into the soil. In other words, the greater the degree of rotation in 
relation to forv/ard movement connected with an appreciable degree of 
fixation of the toe resulted in the development of the higher values of 
passive pressure coefficient at the dredge line. In the one test conducted 
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FIG. 8. Five Main Lateral Earth Pressure Distribution Types Determined 
During the Princeton Tests with Model Flexible Bulkheads. (After 
Tschebotarioff , Ref. k6, 19^9*) 
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FIG. 9. Comparison of Bending Moment, Shear, Lateral Pressure and De- 
flection Curves at the Initial and Final Stages of Fluid Clay Backfill 
Consolidation During the Princeton Model Tests. (After Tschebotarioff , 
Ref. 1949 .) 
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FIG. 10. Comparison of Pressure and Deflection Curves for Five 
Successive Stages of Dredging During the Princeton Model Tests. 
(After Tschebotarioff , Ref. k6, 19^9*) 




FIG. 11. Four Main Causes of Bending Moment Decrease of Model Bulldieads 
Backfilled During the Princeton Tests as Compared to Conventional Values. 

(l) Center of Residual Passive Pressure Located Close to Dredge Line, and 
not in Lower Half of Embedded Portion. (ll) Active Pressures Decreased at 
the Dredge Line Through Their Transfer to the Soil Beneath it by Restraining 
Shearing Stresses, (ill) Passive Pressures Induced Above Anchor level by 
Bulkhead Deflection. (IV) Fixation without Development of Passive Pressure 
on the Active Zone. (After Tschebotariof f , Ref. ^6, 19^9*) 
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with backfilling and very shallov/ penetration (test (56 A)), in v^hich 
the forward movement of the toe approached the magnitude of the forv/ard 
movement at the dredge line, the relatively low value of Kp = 3*0 \<ias 
recorded and the passive pressure distribution was roughly parabolic 
»vith the resultant acting at a little above the midpoint of the embedded 
depth. 

The findings described above were in general substantiated 
by dowe (^lef. 1952) v^ho, because of smaller s:ale of model and the use 

of dry sand only, ran a greater number of tests than v;ere included in 
the Princeton series. He was therefore able to includ-^ a greater range 
of flexibilities and depths of embedment. The tests which Rowe performed 
with very flexible model sheet piles with adequate depth of embedment 
(vfhich would correspond to the case of considerable rotation into the 
soil at the dredge line combined \vith some degree of fixation at the toe, 
as described above) resulted in the development of very high passive 
pressures near the dredge line, or in other words, high values of Kp and 
consequently high location of the resultant of passive pressure. This 
condition was developed in both loose and dense material. In tests 
which were performed vdth stiffer sections of model piles embedded in 
dense material, similar results were obtained. However, v/hen stiffer 
sections "were embedded in loose material (v/ith movement corresponding to 
that described above for test (56 A) of the Princeton series, that is 
more of a uniform forward movement with less emphasis on rotation), lower 
values of Kp resulted and consequently a lov\rer position of the resultant 
of passive pressure ensued. 
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Rov/e considered the varying values of Kp and the varying posi- 
tion of the resultant of passive pressure as being a function of pile 
flexibility and soil relative-density. His concepts concerning the 
influence of soil relative density is further treated in Section VI B-1 
on the Free Earth Support Method and in Section VI B-5 on his proposed 
design method. For the purposes of this section the result of the non- 
conformance of the actual position of the resultant passive pressure 
ivith the theoretical position is qualitatively described in the follow- 
ing paragraph. 

The active pressures on a bulkhead increase with depth, re- 
sulting in a bending moment between the effective supports v/hich varies 
virith the cube of the span. Therefore, a relatively small upward move- 
ment of the resultant of passive pressure causes a considerable decrease 
in the bending moment. At the same time, the deflection of the bulkhead 
is a function of the bending moment and the inverse of both the modulus 
of elasticity and the moment of inertia. As the load is applied to the 
bulkhead by the backfilling operation, the resulting bending moment 
induces deflection at the dredge line, on Fig. 11. The bulkhead 
begins to move into the sand of the passive zone thus developing passive 
pressures which in turn cause a redistribution of the total passive 
pressures resisting forward movement and result in an upward displacement 
of the resultant. This in turn reduces the magnitude of the bending 
moment at the same time decreasing the curvature of the pile in conjunc- 
tion with pressures acting on the active side of the wall. This sequence 
of events is of course less effective in the case of a stiff pile where 
the induced curvature and deflection due to the bending moment are of 
smaller magnitude than in the case of a more flexible pile. 
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The effectiveness of the restraining material in developing 
the high K values must also be considered. Tschebotarioff has considered 
the development of passive pressures as being a function of bulkhead 
displacements (Ref. ii7)» It is believed that this relation is similar 
to that considered by Palmer and Thompson for the case of a single pile 
subjected to a horizontal load (Ref. 31 , 19U8). The difficulty in this 
approach is in assigning a correct value of subgrade reaction in the 
formula 

P = K3y 

where 

P = reaction pressure 

Kg = modulus of subgrade reaction 

y = deflection 

However, in the case of clean sands in which model tests have been con- 
ducted, the applicability of high values of Kp has been proven. 

3» Transmission of Active Pressure to the Soil Zone 
Below the Dredge Level. 

The effects of rotation of rigid walls upon the distribution 
of active pressures and the concept of surfaces of failure have been 
discussed and illustrated in Figs. 2 and ?• In the movement of a sheet 
pile wall, something approaching a combination of these effects on the 
active pressure distribution is observed. Coulomb' s hydrostatic dis- 
tribution, corresponding to rotation of a rigid v\fall about the toe, has 
been observed from the surface to a point near the dredge line. At that 
point the active pressure values obtained from model tests conducted by 



-30- 



Tschebotarioff (Ref. h6, 19h9) deviated from that assumed under the 
classical methods and sharply decrease to zero at about the dredge 
line. This effect is illustrated by Fig. 8 (I)j (II), and (III). 

Considering the departure from the theoretical concept, it is 
obvious that a considerable reduction from the theoretical bending 
moment would be realized by the elimination of this pressure area. 

This difference in assumed and theoretical pressure vrould also result 
in a smaller value of passive pressure required to maintain equilibrium 
of the bulkhead. 

This decrease of passive pressure is due to the transmission 
of horizontal active pressures by shear to the zone of soil beneath the 
dredge line (Ref. Ii6, 19h9)> Its action may be quantitatively shovm by 
examining diagrams I and II of Fig. 8. In diagram I, the backfill is 
composed of sand and the reduction of pressure is quite evident. In 
diagram II a layer of soft clay overlies the layer of sand at the dredge 
level and an increase of active pressure is recorded. It is also to be 
noted in diagram II that this increase is accompanied by a corresponding 
increase in the magnitude of passive pressure. This is due to the in- 
ability of the soft clay layer to successfully transmit the shear to the 
area below the dredge line resulting in the transfer of additional pres- 
sure to the bulkhead and consequently to the passive zone. The trans- 
mission of pressure by shear to soil underlying the "sliding wedge" has 
been proved by Tschebotarioif and Wild (Ref. U8, 1952) in an experiment 
conducted with the passive lateral earth pressure testing machine 
described in Section II B. The test was conducted with 3 ft. of compacted 
sand, when the movable virall was allowed to rotate about the top a slight 



-31- 



aniount , the shear force transmitted to the bottom of the box vfas sub- 
stantially increased. 

An ingenious experiment has been performed by Howe (rief. 36, 

1952 ) in an attempt to determine degree of reduction of bending moment 

which could be attributed to this transmission of forces by shear to the 
underlying stratum. and the degree of bending moment reduction which could 
be attributed to arching. This experiment and its results are illustrated 
in Figs. 12 and 13 • In brief, the moment curves shovm were recorded 
from bending strain measurements on a section of model wall, pin con- 
nected at the top and bottom. With reference to Fig. 12(a), moment 
decrease v*'ith increased flexibility of the sheet pile was observed. 

Since no change in the distribution of the active water pressure could 

have occurred, the moment reduction could be attributed only to a 

decrease of the span due to a higher position of the resultant cf passive 
pressure at greater pile flexibilities. Curve 2 shown on Fig. 13 illus- 
trates the bending moment distribution of the wall shown in i'ig. 12(c) 
for a case with the upper pin permitted to yield so that no arching could 
occur. The maximum moment is approximately 12-/i less than the one obtained 
from a triangular pressure distribution (Curve 1, Fig. 13). Thus this 
reduction should be attributed to shearing stresses at the dredge level. 
Curve 3, sho’/oi on Fig. 13, which corresponds to the case of no anchor 
yield so that arching could occur, shows only 6% further decrease in 
the value of the maximum bending moment. The reduction in bending 
moment which was found to be due to the reduction of pressure by trans- 
mission to underlying foundation material by shear forces and also that 
attributed to induced arching of the sand by deflection of the bulkhead 
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Fig. 12. Diagrams Illustrating Experiments Made to Investigate the Variation 
in the Degree of Moment Reduction Caused by Shear Stress at the Dredge Level 
with the Flexibility of the Bulkhead and also the Influence of Arching f After 
Rowe, Ref. 36 , 1952.) 
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Fig. 13. Moment Reduction Due to Shear Stress at the Lower Boundary on a 
Hinged Model Sheet Pile. (After Rowe, Ref. 36 , 1952.) 
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at mid-span is illustrated by the moment curves in Fig. 13« 

As pointed out earlier in this thesis and as illustrated by 
Fig. 6, the problem of analysis of a bulkhead is related to the deforma- 
tion of the restrained material and the development of the action of 
friction to varying degrees, rather than the state of continuous impend- 
ing failure with uniform development of friction along failure planes. 
This concept and the concept of transmission of lateral forces by shear 
is illustrated by small scale model tests conducted by Ek Khoo Tan 
(Ref. hi, 19U8) in which failure v/as induced in sand carefully deposited 
in a box v/hose sides had been coated vd.th a mixture consisting of lamp- 
black and turpentine. The sand was then covered ;vith a rubber membrane 
and subjected to a vacuum which resulted in its being placed under pres- 
sure equal to atmospheric throughout its depth. After failure had 
occurred, the movement of the sand grains could be detected from the 
scratches which they left in the lampblack coating the sides of the box. 
It was found that movement occurred not only along the failure plane 
itself but extended in the form of deformation without failure for some 

distance on either side of the failure plane. 

An action similar to that described above may be considered 
responsible for the transmission of the shear stresses resulting in the 
relief of active pressures. As the bulkhead deflects outward deforma- 
tion of the restrained soil must take place. This deformation, differen- 
tiated from failure, would partially mobilize the internal friction, 
whereby the deforming forces are transferred to a lovfer layer. In 
considering this concept of pressure reduction and its application. 
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sight must not be lost of thw necessity of the underlying layers to 
be able themselves to carry the forces transmitted to them by shear. 

Ii. Development of r’ixation of Embedded Portion 
of Bulkhead. 

According to the concept of Fixed Earth Support (def. h}, 19h}) , 
high passive pressures are required to act on the active (land) side 
of the bulkhead at the toe to develop fixation. It has generally been 
assumed that this could only be developed by the backward movement of the 
toe of the bulkhead from a pivot point occurring at some point between 
the toe and dredge line on the line of original position of the bulkhead. 

Model tests conducted by Tschebotarioff (Ref. 19U9) have 
shov/n that fixation and development of rev_-rse bending moment below 
the dredge line occurs in two cases where not considered before. These 
cases are: (1) when the toe of the bulkhead actually moves forward froir. 

its original position, and (2) without the development of high values of 
passive pressure on the active face of the bulkhead as considered neces- 
sary by Blum in the formulation of the Fixed Earth Support method. 

In the series of tests conducted by Tschebotarioff (Ref. 1^6, 
19U9)> the ratio of depth of embedment to height above dredge line was 
taken variously as D/H equal to 0.63, 0.1i3j and 0.2? all of which re- 
sulted in shallower depths of penetration than that theoretically re- 
quired to obtain fixation according to the theory of Fixed Earth Support 
which requires a minimum depth of penetration giving a D/H of 0.76 mth 
the conditions under which the tests were conducted. However, in all 
cases a degree of fixation resulted in tests conducted si.nulating back- 
filled conditions. This was true whether the toe of the viall moved 



forward or backT\'ard from its original position. In the cases in 
which the toe moved forward, the movement evidently caused a relief 
ol pressures at the toe on the active (land) side. This then must have 
been compensated for by a movement of sand forv^-ard and downward into 
this zone of relief. This movement would result from the shear stresses 
set up in the active zone of soil behind the dredge line as described 
in the preceding Section III B-3* Tschebotarioff (nef. h9, 1952 and 
Ref. 53> 195ii) has further shown by the results of the Princeton tests 
that the development of high passive pressures in the active zone, as 
would be expected irom a backward rotation of the toe, is not necessary 
to produce fixation. This concept is illustrated in r'ig. lit. .i/ith 
reference to this figure, it is evident that due to the high position 
of the passive pressure ar^a, effective degree of fixation can be de- 
veloped by pressures at the toe on the active side, in this case b, of 
smaller magnitude than normal active pressures. The coefficient of 
earth pressure required to develop this restraining pressure has been 
designated . In all tests conducted at ratio of D/H = 0.63 the 

value varied between 0.0? and 0.23 with an average of K ^ = O.lU 
or substantially below the recorded value of K^. »vhen D/H = 0.U3 the 
value of K ^ increased to 0.U5 ^d vifhen D/H = 0.2? a value of of 

0.85 was recorded. These values are still considerably below the passive 
pressures which are indicated in the theoretical concept. 

Although P. a. Rowe does not show pressure diagrams for the 
tests which he conducted, it is evident from a study of some kO bending 
moment diagrams (Kef. 36, 1952), which are drawn from tests, that 
something of the same nature must have occurred. All curves show 







pi(}^ 14, Determination, in Terms of Coefficient , of the Maximum Earth 

Pressure Values "b" which Provided Effective Fixation of the Toe of the 
Bulkhead During the Princeton Model Tests. (After Tschebotarioff , Ref. 53, 

1952.) 
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Fig. 15. Flow of Water Through Sand Behind a Bulkhead During a Receding Tide. 
(After Terzaghi, Ref. i^3, 19^3.) 
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evidence of some fixation, uven with th^ atiffest section embedded in 
loose material. Some examples (i.e. D/H = 0.6? and embedded in com- 
pact sand and compact Dorset Pea Gravel) shov; a high degree of fixation 
of all piles regardless of stiffness. This is confirmed by the point 
of zero moment occurring at or above the dredge line and by the develop- 
ment of reversv, pressures as indicated in the theoretical analysis of 
a laterally loaded single pile as described by Terzaghi (Ref. h3, 19ij3)- 
It is only in the cases of stiff sections of piles embedded in loose 
materials that the degree of fixation becomes very small. 

The development of high passive pressures near the dredge line 
as discussed in Section III B-1 may be used to further visualize the 
occurrence of some degree of fixation. In the case of more flexible 
walls, the rotation of the sheet pile into the passive zone creates 
high values of passive pressure which counteract the horizontal shear 
carried by the wall and establish an effective reaction near the dredge 
line. Passive pressures are developed only by application of load tend- 
ing to deform the soil mass. In this case, the passive pressures belov; 

the area of the effective resultant are due to the forv;ard rotation 
caused by the continuity of the wall. This is evidenced by the more- 
gradual rate of change of the decreasing passive pressure with an 
increase with depth, as shown from b to c on Fig. 11, v^hich corresponds 
to a decreasing rate of change of curvature. At the same time, active 
pressure and the additional shear stresses caused by transfer of a 
portion of the active pressure above the dredge line to tht; underlying 
material are both acting on the active side of the bulkhead tending to 
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roverse tho direction of rotation. It is these pressures (which may be 
assisted by passive pressures developed by baclcward rotation of the toe) 
which cause effective fixation to some degree. The effectiveness of 
some degree of fixation in reducing the maximum moment by conditions oi 
continuity are too well established to warrant repeating here. 

An examination of model tests results, in the range of sheet 
pile flexibilities and density of material which may be expected to 
conform in model similaid.ty with that usually found in actual field 
practice, shows the position of zero bending moment to be very close to 
the dredge line. This statement must be restricted to eliminate those 

cases of simulated over-dredging and those subjected to severe vibration 
in the passive zone. The applicability of these results to prototype 
walls has been conclusively shown in at least one case as indicated by 
fig. 25. 

5. Development of Passive Pressures Above 
the Anchor Level. 

This item contributes to the stability of the bulkhead by 
reducing bending moments and is not necessarily accompanied by a reduction 
in pressures. In fact, its devel*'pment depends on increase of anchor 
pull. Although probably present to some minor extent in the case of all 
bulkheads, this item is not of sufficient magnitude for consideration 
under normal circumstances for backfilled structures for reasons shov/n 
below. However, its further development may gain considerable significance 
in the case of extreme vibration of the passive zone, in tne case of 

over-dredging, or in the case of overloading the fill by extreme surcharges. 
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This phenomenon was noted by Tschebotarioff (Ref. U6, 19ii9) 
while trying to induce failure in a model bulkhead embedded to the 
dredge line in soft clay (test 61, q^ = 120 #/sq.ft.; test 62, q^ = 

100 #/sq.ft.) and then backfilled above the dredge line with sand. 
Although the ratios of depth of embedment to height above dredge line 
were low in both tests conducted (test 6l, D/H = 0.35j test 62, 

D/H = 0.l8), it was not possible to induce failure, even in the extremely 
soft clay, by complete filling behind the bulkhead with sand. Failure 
had been anticipated by the time the fill had reached a point slightly 
above the anchor. Although the tests were conducted without the benefit 
of strain measurements, the deflections of the bulkhead indicated that 
failure had been prevented by the development of forces above the dredge 
line, as indicated in Zone III of Fig. 11. 

Tests (5U a) and (56 A) of the same series show the development 
of pressures above the anchor line as indicated above when the support 
of the passive zone was reduced by severe vibration created by lowering 
a concrete spud vibrator into the sand in front of the toe. These 
increases in pressure above the anchor were accompanied by an increase 
of anchor pull of 120 % to 125 % and by an increase in negative bending 
moment at the anchor pull by approximately 370% in both cases. This 
increase of negative bending moment acted to maintain the positive (or 
maximum) bending moments at approximately tlieir original values regard- 
less of the reduction of passive support at the dredge line. 

Vibration of the passive zone of test (31) did not appreciably 
affect the magnitude of either the pressures above the anchor line or 
the negative moment. However, it is believed that this was due to the 
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greater depth of embedment of the bulkhead in this test which prevented 
loss of support such as occurred in the case of tests (5U A) and (56 A). 

It would then appear that the action of this zone is mobilized 
by the rotation of the bulkhead about the anchor point due to loss or 
partial loss of support at the toe. This motion is restrained by passive 
pressures developed by the movement of the buikhead into the sand. Since 
the pressures are developed very near the surface, it is not considered 
that these pressures can be contributed to the formation of a horizontal 
sand arch. This is borne out by Tschebotarioff ' s discussion of arching 
in sands (Ref. U9, 1952). In zones very near the surface a sand arch 
wovild be likely to fail by buckling upward as the only force tending to 
prevent this is the weight of the sand composing the arch and the vxeight 
of overburden. It would then appear that these forces are caused by 

the development of passive pressures as described above. 

As a large percentage of the deflection of a bulkhead vfould 
have taken place before the sand fill could reach a sufficient height 
above anchor level to begin effectively developing passive pressures, it 
does not appear that these pressures have a particular significance in 
normal design. However, later movements of the toe in excess of those 
normally encountered would bring these forces into play. Although 
relieving the passive pressures required for support of the toe, 
excessively high anchor pulls vail be developed by the action of the sand 
above the anchor as a fulcrum as is indicated by the increase in negative 
moments. If the anchorage is designed to withstand these pulls, this 
action will give an additional uncomputed factor of safety against 
failure due to toe kick-out. 
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C. Relief of Pr&ssuros and Bending Moments in tho Case of 
Bulkheads in Clays 

1. Classical Conception of Pressures Exerted 
by Confined Clay. 

According to theories dating back to Coulomb, the active lateral 
pressure, exerted by a mass of clay would correspond to the distribution 
shoTO in Fig. 5 (II), and the unit lateral pressure at any depth h would bo 

p^ = yh - 2 c 

This is derived from the general expression (Ref. U7, 1951) 



O’ 3 = (T 1 tan^ (U5° - ^) - 2c tan (U5° - |) 
setting 0=0 for a frictionless soil and where cr ^ and cr 3 have the 
values designated in Fig. 1 (I). 

According to the same theory, the passive pressure exerted by 
clay would be 



Pp = 7h+ 2c 

which is derived from the general expression 

0-3 = cr 1 tan^ (U5° ^ (^5^ + ^ ) 

by again setting 0 = 0 and in which <r and cr ^ are as shown in 
Fig. 1 (II). Because this concept is based on the value of cohesion c 
which may bo related to the unconfined compressive strength q^ by the 
expression 



c 
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this method may also be referred to as the "strength" method of design. 

In I 9 U 5 A. W. Skempton (Ref. 37^ 19h6), in a paper on earth 
pressure and stability of slopes, adapted these principles to the design 
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of anchored bulkheads. In making this application, he modified the 
Coulomb theory in accordance with the proposal of Cain (Ref. h7> 1951) 
by assuming the pressure distribution illustrated in Fig. h (II)* This 
amounts to ignoring the increment of pressure above the point on the 
bulkhead which, if considered, would act to reduce the total active 
pressure. This is justified by the reasoning that the effectiveness of 
the pressures above point would depend on the tensile strength of 
the soil and would be nullified by the formation of tensile cracks as 
shown in Fig. 5 (II)* This method is discussed further in Section VI. 

Although the amount of experimental work which has been done 
in clays does not equal that which has been performed with sands to 
date {\9Sh) i the work which has been done indicates some discrepancies 
in the applicability of classical or "strength" theory as applied above. 
These discrepancies will be described in the following paragraphs. 

2. Concept of Consolidated Equilibrium Applied to 
Lateral Earth Pressures. 

Ref. 1(6 describes the observations made from tvio types of 
experiments using clays, by Tschebotarioff in connection with the large 
scale bulkhead tests. Experiments of the first type were conducted with 
the model bulkhead apparatus using fluid clay backfills and various 
combinations of fluid clay and sand backfills. The second type of 
experiments with clays were performed in a consolidation device, described 
by E. R. vifard (Ref. 55, 19h9) with V'fhich cla^rs could be subjected to 
vertical pressures similar to overburden pressures occurring in practice 
vihich would permit measurement of the resulting lateral pressures. 
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The results obtained from the consolidation of the fluid clay 
restrained by the model bulkhead are shown in Fig. 9* During consolida- 
tion, maximum pressures decreased from a value corresponding to Kg^ = 1.0 
to a value of = 0.5 • This result was further confirmed by tests con- 
ducted in the consolidation device. Further consolidation did not effect 
any reduction in the lateral pressures developed. 

The results of these tests are in accordance v/ith a method of 
approach used by Dutch engineers in the design of sheeting for braced 
cuts in connection with the construction of tunnel under the river Maas 
at Rotterdam (Ref. U7> 1951) • Having noted from cell tests that the 
active and neutral (consolidated equilibrium) pressures were very nearly 
equal and did not exceed values corresponding to Ka = 0*5 when in a 
consolidated condition, they assumed a triangular distribution of soil 
pressure based on this value of K^. Measurements taken during con- 
struction confirmed their assumptions. An example of the manipulation 
of the Dutch cell tests is given by De Beer (Ref. 13j 19U8) . The re- 
sults of the test described by this reference were used by Welch (Ref. 

56, 19ii9) to compute the K values for consolidated equilibrium condi- 
tions. For fourteen samples the computed K values varied from O.UO to 
0.65* Ten of the samples had K values ranging from 0.U9 to 0.52. 

At the 1953 International Conference on Soil Mechanics and 
Foundation Engineering at Zurich, Tschebotarioff pointed out (Ref. 52, 
1953) that 

"The agreement betv;e .n the "neutral ratio" (consolidated 
equilibrium) design method and field measurements appears to 
be best in cuts involving soft clay and in deep cuts through 
medium clay, - that is, in cases v/ith a high value of the 
ratio of imposed stress to the strength of the clay, so that 
a plastic state is created." (Parenthethised expression in- 
serted by t he authors . ) 
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However, due to the limited knowledge and still conflicting 
theories on this subject, it is necessary at least that we differentiate 
betvreon plastic and brittle clays (nef. hi, 1951) • Clays may be con- 
sidered as plastic when the sensitivity ratio is close to unity (that 
is, remolding has little effect on the strength) and which show a 
strain at failure during unconfined compressive tests of close to one 
fifth of the original sample height. In clays of this nature the con- 
solidated equilibrium condition implies a state of incipient failure. 

The active lateral pressure of these clays is therefore very close to 
the lateral pressure at rest. In other words, outward movement of the 
bulkhead would not change the value of the lateral earth pressure co- 
efficient from its value of K = 0.5* Brittle clays, or clays with a 
brittle inner structure, which are very susceptible to loss of strength 
on remolding and may be expected to fail sharply with little plastic 
strain, may have their inner structure destroyed by failure induced by 
outward movement of the bulkhead and values of K may be, temporarily at 
least, increased to some point above the natural earth pressure coeffi- 
cient of plastic clays (Ref. U6, 19^9). 

3. Actual Distribution of Lateral Pressures in Clays. 

According to the classical theory, the top portion of a retain- 
ing structure, from the surface to a depth of 2c/y would be subjected 
to a tensile stress or, in accordance with Cain, to no stress at all. 
Actually the examples of measured pressures (as shown by Refs. 10, 19^6, 
19, 19U8, 32, 19U8, 8, 19U9 md it6, 19h9) do not conform to this pattern 
at all; but rather, they show a hydrostatic distribution of the nature 



lower limit of the lateral pressure coefficient 



sho’wn in Fig. S (!)• The 
K may be established approximately by K = 0.5 in the case of plastic 
clays and a value of K !>0.5 in the case of brittle remolded clays for 
the reasons discussed in the preceding section. The reduction of 
pressure near the dredge line is due to transmission of forces to the 
zone below the dredge line by the same type of shear forces v/hich were 
observed in the case of sands. 

Perhaps the most important aspect of the observations of 
actual pressure distributions referred to above (Refs. 8, 10, 19, 32 
and U6) is that it has not been possible to correlate the values ob- 
tained with those which would be anticipated from calculations according 
to the classical theory or strength method of design (Ref. 52, 1953). 

It would therefore appear that the application of a nev; approach is 
warranted and that further experimentation and observation based on the 
consolidated equilibrium method may well result in a more direct approach. 
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IV 

FACTORS CONTRIBUTING TO ilN INCREASE OF PRESSURES 
AND BENDING MOMENTS 

A. Correlation of Increase and Decrease in Pressures 

In Section III, the many factors which contribute to a decrease 
in lateral earth pressures on bulkheads are discussed. This section 
deals with factors tending to increase lateral earth pressures on bulk- 
heads and it should be considered a subject so closely related to 
factors causing decrease in pressures that at times it is difficult 
to actually differentiate between the two sets of factors. However, 
for the purposes of clarity to the reader, it is considered that this 
breakdovm is necessary. Many of the factors have combined and com- 
pensating effects but wherever possible they are discussed separately 
in the respective sections. Section III dealt more with the theory 
and cause of reduction of earth pressures, whereas in this section 
the causes of an increase in pressures are covered and results of both 
model and full scale tests as well as failures are discussed where 
applicable in order to illustrate a point. 

B. Variation in Water Level in Front of Bulkhead and 
Ground vifater Level in Back of Bulkhead 

1. Tidal Lag. 

This condition exists to varying degrees around most water- 
front structures and is particularly prevalent in tidal ivaters with a 
considerable variation in tides. The situation may become quite serious 
when considerable earth and water pressures are exerted against the 
bulkhead as a result of a rapidly falling tide leaving active pressures 
up tq> the ^lagi-dtule vf hydrostatic acting on the inboard side of the bulkhead 
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.■(ithvut tht^ bca_fit >1 c..untariaj prt,'6sui'e v,n !thv oxtoriwr of the bulk- 
head. Except in cases of extreme variations in tide, this condition is 
not likely to be very serious but nevertheless it is an important con- 
sideration and the amount of tidal lag should be determined experimentally 
and accounted for in the design of any bulKhead for tidal waters. 

The amount of tidal lag will be dependent upon the permeability 
of the soil and the type of bulkhead as well as the local tidal variation. 
A condition of an impermeable bulkhead driven into fine permeable sand 
located on a seacoast with tidal variation is illustrated by Fig. 1$. 
During a receding tide the active pressures on the upper part of the 
bulkhead are increased and the resistance of the earth support of the 
lower part of the bulkhead is reduced. As is to be expected the oppo- 
site situation occurs during a rising tide wherein the water flows from 
the sea through the sand into the backfill under the sheet piles and 
this flow increases the resistance of the earth support with a resulting 
increase in the factor of safet./ of the bulkhead. 

2. Effect of Rainstorms. 

Rainstorms and viavos breaking over the bulkhead will have a 
similar effect to a quickly receding tide and vd.ll also depend on the 
permeability of the soil, whether the bulkhead is watertight or not, 
plus many other similar variablv^s and therefore further comment is not 
considered justified. 

3. Quick Condition and Piping. 

There is always a possibility of these conditions existing 
during and after bulkhead construction. The phenomena is discussed in 
detail in Refs. U3 and it? and therefore is discussed only briefly in 
this paper. 



Quicksand is not a type of material but is a condition which 
results from an upward flow of water through the sand which not only 
loos.-ns it but holds it in suspension. In this condition the sand loses 
all of its supporting power and pressures behind the bulkhead are very 
likely to become hydrostatic, ivith the resulting toe kickout or other 
less serious failure. A quick condition may also be brought on in fully 
saturated sands as a result of a sudden shock. This condition could very 
readily occur in the field in the event that piles were being driven in 
saturated sand behind a bulkhead. 

Piping is a special type of a localized quick condition wherein 
a mixture of sand and water may flow through surrounding stable sand 
similar to the flow of water through a pipe. Tschebotarioff (Ref. U7, 
1951 ) conducted laboratory experiments which demonstrated the speed 
with which submerged sand could escape through a small opening in a 
model sheet-pile retaining structure as a result of the formation of a 
vertical "pipe." 

An example of a failure in the field vjhich has b^en attributed 
by some authorities to "piping" is discussed by Gebhard (Ref. I 8 , 19U9). 
In this particular case a combination reinforced concrete sheet pile 
bxilkhead with relieving platform was constructed during */orld 4ar II 
at a (J. S. Naval Installation. Hydraulic fill consisting of fine grained 
sand was placed to its full height before any of the piles were driven. 
The failure occurred after the 60 ft. reinforced concrete sheet piling 
had been driven and th-^ structure was near completion when the dredging 
contractor began dredging in one cut to 3b ft. below mean low water mth 
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a 30-in. suction dredge. As the dredging progressed, four large cave- 
ins occurred, the largest involving 8000 cu.yds. It was later esti- 
mated that as much as 7000 cu.yds. wore lost in 2li hours or an average 
of about 300 cu.yds. per hour. Upon inspection it was found that the 
joints of the sheet piling were not properly fitted together and in 
many cases the concrete grout had not been effective in closing the gap 
between the piles. Divers sent down to inspect the condition rooorted 
observing sand pouring through the openings. 

A number of explanations have bean considered as to the cause 
of this failure but the most plausible explanation appears to be the 
escape of the fine sand through the openings in the sheet piling above 
the dredged bottom similar to the vertical "pipe" experiments mentioned 
above. 

The excessive increments of dredging no doubt caused differ- 
ential deflection between the joints of the sheet piling. As a result 
the joints were sheared, concrete grout was cracked and fall out and the 
backfill material escaped through these openings. 

The condition was corrected by grouting thu openings in the 
sheet piling and -ill subsequent dredging was carried out iii smaller 
increments with no additional difficulty. This further confirms the 
conclusion drawn as to thi:; cause of the original failure. 

rfhile the foregoing case is not v;hat usually is considered as 
failure of a bulkhead and the cause of the trouble is not directly 
attributable to increased active pressures, it is considered that a 
similar failure is as crippling as one which could occur with overloaded 
anchored bulkheads and therefore this discussion is considered pertinent. 
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C. Effects of Surcharge 

Surcharges will exist in one or in a combination of the follov/- 
ing forms; (1) uniformly distributed loads, (2) live loads, and 
(3) concentrated loads. These loads will not ordinarily be applied to 
the top of the bulkhead but will be on the surface of the ground on the 
landside of the bulkhead. 

1. Uniform Load. 

The unifonnly distributed surcharge is by far the simplest load 
to deal with since it will create a lateral-pressure distribution of 
uniform intensity from the top of the bulkhead down to the dredge lino. 
Surcharge effects are usually expressed in terms of a layer of soil 
having the sane density y as the underlying soil and a weight equal 
to p . The height of this soil layer will be hs = ps/y and the 
lateral pressures exerted by it from the surface of the soil downward 
will be pjjg = hg y K = PgK where the coefficient K has the same value 
as that used for determination of the lateral pressures exerted by tho 
underlying soil. The surcharge is represented in the form of a rectangu- 
lar lateral-pressure diagram and it should be added to the corresponding 
lateral-oarth-pressurc; diagrams of the triangular or trapezoidal types 
as the case may be (Ref. U7). 

2. Concentrated and Point Loads. 

Lateral earth pressures caused by concentrated and point loads 
may bu computed from tho Boussinesq equation for lateral pressures under 
the assumption of a Poisson ratio v = 0.5 

= 4 3r^(r2 ^2^ - 5/2 

where the lateral-pressure values obtained from that equation, or by the 



use of Newmark charts, should be doubled, in order to take into account 
the effect of maximuni possible restraint of lateral displacements im- 
posed on the soil by the interposition of a rigid wall. 

Experimental investigations of the effect of concentrated sur- 
charges were performed by Spangler at the Ames, Iowa Engineering Experi- 
ment Station (Ref. 38, 1938). Spangler used a 6-ft.-hign model rein- 
forced concrete wall backfilled with pit-run gravel. He applied con- 
centrated loads of 1000 pounds at distances from the wall of 1.5 ft., 
2.00ft., 2.50 ft., 3 ft., and 3*50 ft. as shown in Fig. I 6 . This 
figure is reproduced from Lee (Ref. 2?) in which a comparison of the 
experimental results of Spangler's experiments with Gerber's results 
in Zurich and the results of the Boussinesq distribution are made. Lee 
shaved that, within limits, the principle of superposition can be 
applied and the effect of a series of point or rolling loads can be 
obtained without too much difficulty. 

Spangler found that the Boussinesq pressure,- distribution for 
a value of Poisson's ratio v = 0.5 was tvio or three tim^s smaller than 
the actual measured values and he attributed this circumstance to the 
restraint of lateral soil displacements imposed by the rigid wall. Mo 
data was taken in regard to the actual magnitude of the v/all displace- 
ments but they were no doubt small and the wall could therefore be 
considered unyielding. According to jAindlin (Ref. 28, 1936) and 
Weiskopf (Ref. 58, 19U8) the lateral pressures double tteones given by 
the Boussinesq equation. 

Tschebotarioff (Ref. U7, 1951) illustrated this point by 
showing that because of the reflected load phenomena developed by 
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FIG. 16. Lateral Pressure on a Retaining Wall Due to a Point Load on the 
Surface of the Backfill. (After Lee, Ref, 27, 19^5*) 



-50- 



Mindlin and vileiskopf that hie actual lateral pressure against an 
unyielding rigid wall would be equal to 
0- " = Ox + o-^' =2 ax 

or in other words would equal twice the Boussinesq values for v = 0.5 
and therefore very closely corresponded to the measured values under 
the condition of Fig. 13(d) for x = 3*00 ft. = 0.5H. The same does not 
hold for other cases and this is explained by the fact that the difference 
in the lateral yield of the wall for larger values of x would acquire 
relatively greater importance. 

Because of the variance of cases and other factors, Tschebotarioff 
(Ref. hi, 1951 ) does not believe that the empirical equation suggested 
by Spangler (Ref. 38) to obtain the effect of concentrated loads appears 
to be justified since the empirical coefficient U in that equation is 
not a constant but a function of tht. distance x and of the displacements 
y of the wall. Therefore Tschebotarioff states that until more is known 
concerning the effect of such displacements and of the values of Poisson 
ratio V of soils it appears advisable to use the conservative relation- 
ship aforestated. The authors concur in this approach to the problem. 

3 . Live Loads . 

Live loads have a very similar effect of causing additional 
lateral pressures on bulkheads as point loads if the vehicle wheel is 
on a hard soil surface. Each case will have to be taken on its individual 
merits and depending on the type of live load if can ba treated as a point 
load, as a uniformly distributed load or as a combination of the two. 

In all cases of design for this type of loading, good engineering judg- 



ment is essential. 



-51- 



D. Effects of Vibration 

The effects oi vibration fall into tv/o broad categories as 
discussed in this paper, that is (1) imposed vibration and (2) vibration 
as a result of wave action. 

1. Imposed \/ibration. 

There is not too much known about the effect of vibrations on the 
lateral pressures acting on anchored bulkheads. However, Tschebotarioff (Ref. 
U6, 19ii9) found during the Princeton Model Tests that when the backfill behind 
the bulkhead was vibrated, the lateral pressures increased considerably and 
that bending moments ixicreased by values ranging from 58/S to lll/t V'n.th sand 
backfills and sand below the dredge line. In the case of a mixture of 75/« 
sand and 25 /o silty red clay the increase in bending moments equalled 227)6 
and it was noted that extremely severe vibration practically liquified this 
material and subsequently v/edged it in behind the bulkhead. 

As previously mentioned in section III of this paper the vibration 
during the tests was accomplished by the use of a concrete spud vibrator be- 
ing lowered repeatedly from the surface through the backfill six inches center 
on center and in this case behind the bulkhead in the backfill. This naturally 
created more of an increase in active pressures than could be expected in ac- 
tual practice with the possible exception of driving piles behind the bulkhead. 

2. Vibration from vYave Action. 

The effect of v/ave action on increasing lateral pressures in the 
active zone is somev/hat of an indeterminate factor depending on many variables 
in different localities. However, any anchored bulkhead located in an exposed 
area is susceptible to the pounding of v/aves. The height and the force of the 
v\raves will depend on the fetch, man made and natural breakviraters, storm in- 
tensities and their frequency and so many other factors that space v/ill 
not permit further discussion of each individual contributing cause. These 
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factors cannot be minimized, hovjsver, and should be given careful considera- 
tion on their individual characteristics for each particular site. It can 
be sjid that the pounding of waves breaking over the bulkhc.ad onto the land 
area ./ill definitely increase the active pressures from the vibratory effect. 
Also, associated, but additional active pressures up to hydrostatic 
intensities may result from water collecting behind the bulkhead due 
to lack of proper drainage or other causes. 

E. Effect of Piles Driven into Backfill Behind Bulkhead 

As mentioned in the previous section, intense vibrations tvill 
be caused vifith resultant high increases in active lateral pressures benino 
the bulkhead comparable to those set up by the concrete spud vibrator 
used during the Princeton Model Tests (i.-tef. U6, 19ii9j- In addition to 
the increased pressure fro^i the vibrations, additional pressures can be 
expected from displacement of the backfill by the pile, compaction, 
heave and lateral movement toward the bulkhead. The intensity of this 
additional pressure will be dependant on the size of the piles, number 
driven, the manner in v/hich they are driven, their proximity to the bulk- 
head, and the type of soil behind the bulkhead. In tho event that thure 
shoula be a requirement for piles behind a bulkhead such as a support 
iior a h^avy duty structure or crane, a careful study should be made to 
deteminc the effect of driving these piles based on the facts for each 
particular case. If thw case \''mrrants, H piles could be used in lieu 
of timber or reinforced concrete piles since the H piles 'would displace 
far l(^ss material than the other typ.- piles. All other factors mentioned 
must be given careful consideration prior to comiatncement of the driving. 

Also field control and careful observations of the bulkhead before, during, 
and after the driving should bo mad,;. 
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F. Uneven Yield of Tie Rod Anchor .:1J 

It can bo expected that there will be uneven yield, at least 
to a certain degree, of Tie Rod Anchors in anchored bulkhead construc- 
tion. This uneven distribution will have to be taken up by adjoining 
anchors, the bulkhead, the walls and the various connections, as well 
IS some distribution through the soil itself. This does not present a 
problem which is too serious when the difference in anchor pull is only 
slight j however, it may become a serious problem if there is a large 
difference resulting in the failure of fittings, the anchors or even the 
bulkhead. 

Anchor pull measurements were made at a bulkhead installation 
on an island in the Pacific (Ref. 30, 1950) where the measurements dur- 
ing different phases of the construction were taken by means of permanently 
installed Carlson Strain meters of the electrical resistance type. The 
construction procedure was to dredge out all mud and soft clay from in- 
board of the bulkhead line and place dredged coral fill inboard and out- 
board of the bulkhead line to elevation + 2.0 ft. (Datum-MLW) or higher 
prior to driving thj bulkhead and anchor piling. Then the fill was 
excavated to elevation -2.0 ft. in order to facilitate the installation 
of the tie rods. The tie rods were initially tightened and some rods 
were subsequently adjusted. The backfilling was then completed to 
+8.0 ft. (top of wall). The final dredging of the wall was completed 
to a depth of -32.0 ft. The r- suits of the anchor pull measurements 
made during and after construction are shown in Table 3* 
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Table 3 

Effect of Various Loading Conditions 
Before, During and After Construction on Individual 

Tie Rod Loads 



Tie Rod Loads in Kips 



Test Section — 




. 


2 


3 




Rod 


Number — 


A 


B 


C 


D 


E 


F 


G 


H 


1 . 


Initial Tension 


21. k 


3-li 


11.1 


3-k 


20.9 


21 . 


16.3 


10.5 


2 . 


Prior to Backfill 


31.2 


8.2 


18 . U 


7.3 


8.0 


9.8 


11.1 


6.1 


3. 


Backfill Completed 


3h.9 


27.0 


27.2 


33.2 


20 . U 


23.9 


29. U 


22.7 


u. 


Prior to Dredging 


29.3 


25.1 


25.0 


29.h 


17.2 


20.7 


25.3 


20.0 


5. 


Dredging Completed 


57.1 


52.1 


h6.h 


hl.l 


35.5 


39.9 


51.2 


kS.6 


6 . 


Avg. Post Dredging 
Const. 


51.3 


ii5.l 


I 4 I.I 


U 2.1 


29.1 


3h.9 


- 


- 


7. 


Avg. After Const. 


53.6 


ii8.3 


hh-2 


h3M 


28.7 


36.0 


52.1 


U5.6 


8 . 


Averages Line 7 


51.0 


h 3.8 


32. u 


U8.9 



(From Ref. 30, 1950) 

/ui analysis of the measured tie rod loads shown in Table 3 



is given in Section VI B-6 
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Upon plotting the averages of the af ter-constniction loads on 
each tie rod with respect to the dredged depth 2 to 2-1/2 feet outboard 
of the sheet piling bulkhead at each tie rod location at each site, it 
was shown that the difference between average after construction loads 
on individual adjacent rods at the different sites vfas entirely inde- 
pendent of the difference in dredged depths outboard of the wall at the 
location of the rod. The differences in load were in every case much 
greater in magnitude than the differences in depth indiciate, and in al- 
most every case, the greater loads are related to the shallower depths. 
This can be explained in part by the fact that individual tie rods are 
significantly affected by the loads carried by adjacent rods. It was 
found that re- tightening of unmetered rods at Test Sections 3 and 
prior to backfill caused a transfer of loads through the walers at the 
tie rod supports and reduced the loads on the metered rods by at least 
U Kips. 

vi/hile Table 3 shov.'s the measured anchor pulls at one site with 
somewhat special soil conditions, it is still considered significant 
proof that the tie rod tensions do vary considerably and is an indica- 
tion that in sites where the soil conditions are less uniform it can be 
expected thcat this variation will be much greater. Naturally, there 
arc many factors to virhich this phenomena may be attributed. Two very 
important causes of uneven yield of tie rods which were not present in 
the foregoing measurements are deformation of anchor rods due to settle- 
ment of backfill and arching effect in sands. These arc discussed in 
subsequent sections. 
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G. Deformation of Anchor Tie Rods Due to Scttlomont of Backfill 

A condition of layered soil systems consisting of alternating 
layers of sand and clay may result from backfilling behind a bulkhead 
hydraulically and may cause considerable difficulties. An example of 
this condition vath a layer of soft silty clay underlying sand was 
studied and measurements taken on a full size anchored bulkhead at 
Pier C in Long Beach Harbor in California by C. Martin Duke (Ref. 15, 

1950 ) and discussed by Tjchebotarioff (Ref. 50, 1950 and Ref. U9, 1952). 

A cross section of the pi^r is shown in Fig. 17 with the general dimensions 
noted. The construction procedure was as follows: A bulkhead was driven 

into the sand soil and anchored to the timber piles every six feet by 
means of steel rods three inches in diameter. A rock dike was then dumped 
on both sides of the bulkhead and the remainder of the sandy backfill 
was placed hydraulically. The water which carried the backfill material 
had to flow approximately two thousand feet behind the bulkhead before 
overflowing and in so doing silt and clay particles ’were able to settle 
out. In this manner layers of soft silty clay were created as disclosed 
by later borings and as shown near the dredge line in Fig. 17 • 

It was found by the measurements that after completion of the 
backfilling the distribution of the esirth pressure was approximately 
hydrostatic. Then later it was found that above the anchor the earth 
coefficient = O.ii and below the anchor = 0.7. The latter value 
was approximately sixty per cent higher than those obtained under similar 
static conditions during the Princeton Modv^l Tests. This difference 
was attributed by Tschebotarioff (Ref. U9, 1952) to two possible causes: 
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(1) the vibrations by wave action may have increased the pressures at 
Long Beach and (2) Horizontal Arches nay have formed betvTcen the front 
row of piles and the stone dike as a result of the compression of the 
underlying soft clay layer which resulted in zones of pressure relief 
as shown in Fig. I?. 

It was further found that the anchors were loaded down by the 
weight of the overlying fill which caused extremely high tensile stresses 
up to the yield point. The anchors probably deflected to form a catenary 
and pulled the sheet pile inwards as shown by the dotted lines in Fig I?. 
Along with the anchors being stressed up to the elastic limit, some bolts 
and minor connections failed which further emphasized the need to avoid 
overloading of the anchors by the weight of the fill. 

The need to take special precautions to protect anchors from 
being overloaded by the weight of backfill and various schemes of hollow 
concrete boxes, drainage tile and reinforced concrete pipe have been used 
to protect the anchors. Even with these improvements there is a possi- 
bility of horizontal arching which could overload the outer row of batter 
piles shown in Fig. 1?. Tschebotarioff (Ref. 1^7, 1951) has proposed 
an alternative solution to the conventional type of anchorage of pile 
clusters which is illustrated in Fig. 17. It consists in providing 
anchor blocks at point B, either by precasting and lowering them into 
place by a crane from a barge or by dredging a trench and filling it 
with tremie concrete. 

Results which were very much in contrast ivith the Long Beach 
Tests Were obtained on an island in the Pacific (Ref. 30, 19U9). The 
bulkhead was driven, the anchors set and then the dredging was accomplished 




FIG. 17. Probable Types of Arching Which Developed at Long Beach, California 
Pier C Bulkhead After Consolidation of the Hydraulic Fill. (After Tschebotarioff , 
Ref. 50, 1953 and Ref. 49 , I 952 .) 



p 




Fig. 18, Suggested Construction of Quay Wall Consisting of Anchored Bulkhead 
without Relieving Platform, on Soft Clay and with a Limited Amount of Clean Sand 
Available for Backfilling. (After Tschebotarioff, Ref. 46, 1949.) 
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on the harbor side of the bulkhead. The soil was compact coral sand and 

was cemented together as was indicated by deep vertical cuts standing 

unsupported during the dredging operations. The anchor pulls were found 

to be stressed only psi to 8,100 psi or less than UB/j of the anti- 

2 

cipated stresses. Also it was found that a surcharge of 0.6 ton per ft 

r\ 

over a 200-ft'^ area caused an increase on the anchor pulls of only 

H. Development of High Pore Pressures in Hydraulic Fill 

An exaiiiple of what can happen as a result of excessive pore 
pressures behind a bulkhead is discussed by L. C. Coxe (.rtef. 11, 19U9) 
in the Failure of Quay v/all at Navy Yard, iviare Island, California, vvhile 
this case did not involve an anchored bulkhead as such, it does repre- 
sent a case of particular importance in waterfront structures and is 
considered worthy of comment v/ith the lessons learned from the failure 
readily adaptable to anchored bulkheads. The quay wall was constrcuted 
during the latter part of 19 i 4 l and early 19U2 and consisted of reinforced 
concrete sheet piling two feet thick with a relieving platform supported 
on bents of twelve vertical wood piles and four wood batter piles. These 
bents were placed five feet apart and were designed to support the heavy 
concrete foundations for the crane rails. The quay wall \ms supported 
by the concrete sheet piling and a timber platform. Concrete anchors, sup- 
ported by vertical and batter timber piles and connected to the quay walls 
by steel tie rods 2 and 2-1/2 inches in diameter were not included in the 
original design but were i istalled ax ter failure of the wall. Construc- 
tion was started by dredging the site to 3J ft. below and after 
dredging was completed 20 ft. of fill material v/as placed in the area 
by bottom dump barges. Then the timber piling v\ras driven for the 
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relieving platform and framed in, followed by the driving of the ?0-ft. 
concrete sheet piling. The concrete quay wall was then constructed 
to anchor the sheet piling to the relieving platform and backfill was 
placed up to the underside of the relieving platform deck. The reliev- 
ing platform was then constructed, footings for the craneway poured and 
the relieving platform backfilled. 

Shortly thereafter cracks began to appear in the quay virall 
and outward motion continued in spite of efforts to stop this motion by 
immediately unloading the platform and placing 300 tons of "one-man" 
stones in front of the quay wall in an attempt to stabilize the toe of 
the sheet piling. Even after the heavy anchors were connected there 
was still some appreciable movement. It was later found that five of 
the 2.5-inch diameter tie rods failed in tension but this was attributed 
primarily to a sinking tug which had tied up alongside; the quay wall 
causing an outward movement of 6.U ft. and vertical settlement of 1.9 ft. 

Mr. 0. J. Porter was called in as a consultant on the job to 
investigate the causes of the failure and to make corrective recommenda- 

I 

tions. Soil borings revealed that unconsolidated plastic clay fill 
extended down for about 20 ft. from Mean Lower Low water, a plastic 
clay mud for the next fifty feet followed by comparatively thin layers 
of peaty clay, black stiff sandy clay with gravel, green stiff sandy 
gravelly clay, brownish stiff gravelly clay, all underlain by soft black 
bedded shale. The material under the fill had moisture contents rang- 
ing from 52 % to Il8i5 and all indications were that the excessive lateral 
pressures acting on the bulkhead were caused by high pore pressures in 
th^ backfill and the xine-grained soil below the backfill caused by 
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placing the 20 to 30 feet of fill during construction and also by the 
weight of the quay wall structure which vfas transmitted through skin 
friction from the piles to the mud. 

Pore pressure measurements were taken at various elevations 
and the readings ranged from Zero at the surface to approximately U>500 
psf 80 ft. below the surface. It was estimated that the effect of pore- 
pressure was to increase the lateral pressure on the bulkhead by 
7^,000 lb. per lineal ft. over and above that which would have existed 
had not pore pressure been developed in the soil. It v/as further esti- 
mated that the lateral pressure was increased by more than UO^ over 
that which might be calculated by assuming fully mobilized frictional 
and cohesive resistance in the soil. 

Upon the recommendation of Mr. Porter vertical sand drains 
were installed to a depth of 80 ft. below mean lower low water and were 
spaced 8 ft. on centers in one direction and 10 ft. on centers in the 
other. The action of the sand drains v/as most effective although no 
data was taken on the reduction of pore pressures. This method of 
stabilization combined with the anchored tie rods checked any further 
movement of the quay wall and effective stabilization was realized 
approximately two months after the installation of the sand drains. 

I. Expansion of the Active Zone 

This condition is very likely to exist behind anchored bulk- 
heads in locations which have alternately dry and wet seasons and where 
the soil consists of stiff-fissured or slickensided clays. Materials 
of a clayey composition behind a bulkhead ivhcn subjected to drying as a 
result of excavation are likely to form tensile cracks extending down 
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into the material for some distance. Then when thv^so cracks aro filled 
with vfater a very effective lateral force may be built up in these 
cracks and transmitted against the bulkhead. 

An example of measurements of lateral pressures exerted 
against a retaining wall of the gravity type in London was reported by 
Cooling (Ref. 10, 19^6) and Colder (Ref. 19, 19U3). The clay behind 
the wall was a stiff fissured or slickensided type which was probably 
over consolidated during its geological history. The intensity of the 
lateral pressures was found to vary vdth the time of year, the small- 
est pressures being developed during the dry summer months and the max- 
imum during December, January and February when it was reasonable to 
assume that the fissures of the over-consolidated clay had been soaked 
with vmter and, as a result, virere filled with softer clay. The water 
content of this clay was no doubt increased to the point corresponding 
to the water content of semi-fluid clay consolidated under the weight 
of the existing overburden. A similar condition could very likely exist 
in a clay backfilled area which had been v/ell consolidated and loaded 
with an excessive overburden v/hich was later removed and created excessive 
pressures against the bulkhead. Similar action to that 'Which occurred 
with stiff fissured or slickensided clays acting against massive gravity 
v;alls could be expected in the case of sunk and dredged bulkheads in 



similar mat.-riels. 
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V 

CONSTRUCTION AInTO DESIGN PROCEDURES 

A. Correlation of Dosign and Constniction 

The thoughtful reader may question vihy a section on construc- 
tion and design procedures is included in a paper entitled "Analytical 
Comparison of Anchored Bulkhead Design Theories." By v/ay of explanation, 
the construction of a carefully thought out and frequently tedious 
design of an anchored bulkhead is of the utmost importance. All too 
frequently there are cases of bulkhead failures th.t were caused by 
hasty, improper or careless constiniction procedures. True, failures 
have resulted from improper design and it follov/s that many failures 
have no doubt resulted from a combination of the two causes. All too 
frequently the design of an anchored bulkhead is based on one set of 
assumptions whereas the structure is actually subjected to conditions 
during and after construction which are completely opposed to those 
assumptions considered during the design. It follows that there must 
be close correlation between design assumptions anL construction pro- 
cedures in order to attain a safe and usable structure. 

h comparison of the various design theories and all of their 
ramifications is made in Section VI but the actual details of design 
and construction are not covered th>.re and arc discussed only briefly, 
elsewhere in this paper. Therefor^, this section is devoted to high- 
lighting some of the more important features of anchored bulkhead con- 
struction procedures. 







I 
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B. Si to Selection 

1. Gonoral Location. 

It is a well knovm fact that sit^s for waterfront structures 
are seldom if ever selected by the designer. The location is dictated 
by certain requirements which are laid dovm by military necessity, 
federal and municipal governments, manufacturing and commercial concerns, 
or by private individuals. Therefore, it is up to the designing engineer 
to make the best of a situation over which he has little or no control. 
Even when the designer is permitted to select the site, within certain 
limits, it is doubtful if an ideal location for construction could be 
found because it has often been said, and borne out in practice, that 
v/aterfront structures are invariably located at the poorest of sites 
from a construction viev/point. 

2. Geology. 

After a project has be^n conceived and the location fairly 
well defined, the first step in the field is to make a thorough study 
of the history and general geology of the area along with a personal 
Ad.sit to the site, rfhile the final decision as to location cannot be 
made from such a study, considerable time and money may be saved by 
eliminating specific sites which obviously present problems that would 
not be encountered at a possible altv^rn .te site nearby. Substantial 
savings may be realized by acquiring the services of a geologist as 
a consultant insofar as exact site selection is concerned. 

3. Soil Exploration. 

Soil exploration is a most important pre-construction opera- 
tion and the results therefrom, if interpreted correctly, vdll often 
dictate construction procedures vdiich will eliminate difficulties 



which may otherwise be encountered during and after construction. 
Borings should be made and soil samples taken throughout the sit-- if 
th-;,re is any doubt whatsoev--r as to the composition of the underlying 
strata. It is imperative that the soil samples bt; taken by compet.^nt 
personnel with reliable sampling equipment and that the actual field 
condition be interpreted as accurately as possible as a r-sult oi the 
laboratory tests conducted on the samples, whenever possible undis- 
turbed samples or dry samples, as applicable, should be taken as 
opposed to the unreliable and extremely misleading wash samples. It 
is highly advisable to contract for the services of a competent soils 
engineer if the subsurface conditions are at all questionable. His 
duties should include providing careful supervision v-fhile taking the 
samples, rumiing the field and laboratory tests, and in interpreting 
the results based on not only the tests but also upon experience and 
sound judgment. 

ii. Backfill Material. 

In anchored bulkhead construction it is frequently the case 
that little or no choice is to be had in th.^ selection of the backfill 
material. High costs for long hauls and for pumping hydraulic fill 
over excessive distances may often eliminate the utilization of 
selected backfill material. Hov/sver, the area should be explored 

f 

with the vievf in mind of obtaining the most suitable material. In 
the event that the services of the geologist and soils engineer men- 
tioned above are available they could be of invaluable assistance in 



this exploration. 
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Aft^r tho bacKfill is sslc-ctjd it is iiupv^r'.tivw- that th- 
dcsign be predicated on v;hoth>jr th_ bulkhead '.dll be backfilled i>.'itn 
dry or hydraulic material. Also svcry precaution possible should be 
taken to preclude creating excess lateral pressures a^^ainst the bulkhead 
during backfilling operations. Backfill should be placed as uniformly 
as possible over the entire area behind the bulkhead. Excessively 
large mounds of fill placed near the bulkhead may create localized 
pressures of sufficient magnitude to cause differential deflection of 
the sheet piling. 

If there is a choice bet?/sen the selection of backfill 
materials, the long range maintenance costs '..'nich '.vill result from the 
consolidation of fine-grained soils must be given careful consideration. 

C. Design Considerations 

1. General. 

The final design of the bulxho-d is usually based on the 
foregoing geological s'urvoy and the soil exploration data and pressures 
are computed by any on^ of a number of theories all of '.vhich are dis- 
cussci in Section VT. It is to b_ expected that numero'as and varied 
designs '.vill r^-'Sult dependent 'upon the ovv,rall requirements and the 
proposed 'use of the bulkhwCd, interpr_taticn of the soil data, the 
design theory used and the individual preferences and desires of the 
designing engine ar. 

2, nemcval of Unconsolidated material. 

A consideration vrhich is all too frequently ignored is the 
removal of any <extremcly soft unconsolidated material '.vhich overlies the 
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sit3. It is considoro',1 thr.t if any layers of this material exist to 
an appreciable dopthj say 5 fuot or more, it should bo dredged out and 
replaced with a sand blanket. It is particularly important to have 
reliable material in underlying areas of the bulkhead sit^. 

3. Sand Dike. 

.. rather unique type of construction as originally proposed 
by Epstein (Ref. 16, 19il3) and recommended by Tschebotarioff (Ref. h6, 
19U9) for use wh^n soft clays ar^ enoountorod is illustrated in Fig. 16. 
In this case a trench is dredged out in the soft clay to the necessary 
depth as determined by the Swedish circle method of stability analysis. 
The dredged cut is then filled vrLth selected cl.an sand above the final 
dredge level and the she^t piling and anchor piling are driven into the 
sand» The sand in front of the bulkhead is then dredgeu down to the 
final dredge level and placed behind the bulkhead at the natural angle 
of repose. After this is done backfilling operations can be completed 
behind the bulkhead with virhatever materials are available in the area. 
The upper bearing layer, however, should consist of selected material 
properly compacted. This method is advantageous since a bulkhead can 
be designed on the basis of the untire backfill being composed of sand 
and substantial savings in construction and material costs will be 
realized. Also it is adaptable to an area v^here only a limited amount 
of selected clean sand is available for use. It must be emphasized 
that the stability of the entire bulkhead structure must be carefully 
investigated to guard against a deep slide failure. One of the many 
necessary trial circles used in the Swedish Circle stability analysis 
is shovm in Fig. 18. 
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Onu v-ry iinportant liinitation to th>- uSv- of this assign method 
is thot it may not bo safe in an area subject to earthquakes and there- 
fore its use as illustratvid in Fig. 18 should be used with discretion. 

The same limitation would hov/ever apply to any massive retaining type 
construction. Marginal wharves may bo preferable in an area where such 

I 

conditions prevail. 

U. Rock Dike. 

A rock dike such as shown in rig. 1? will prove to be benefi- 
cial only in cases when firm and stable bottom conditions exist insofar 
as the lateral stability of a bulkhead is concerned. A rock dike also 
may be used to prevent scour and erosion at the toe of a bulkhead but 
utilization for this purpose must be justified on the particular 
requirements of each case. A rock dike or rip rap in front of a bulkhead 
should never be used where th.. bottom consists of clay or unconsolidated 
materials — the opposite effect f^om that expected is very likely to 
result. The rock and rip rap, being of irregular shape, will exert 
concentrated loads on the clay and cause remolding vlth resultant loss 
of strength in the clay. The rocks may sink through the remolded 
saturated clay and rather than provide beneficial effects they may 
be the direct or indirect cause of a bulkhead failure. 

^ . Sand Drains . 

'While sand drains hav^ not been put into gen>-ral use in con- 
junction vlth anchored bulkhead construction, their utilization should 
be given consideration if they can be economically justified. A case 
of sand drain utilization at jVlare Island, California, is described in 
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Rof..l] and ia furthc^r discussed in Suction Iv oi this thesis. In 
this particular case sand drains v/eru usud to spaed consolidation of 
soft underlying material and to ruli.:,ve excessively high por^ pressures 
whicn weru r^, sponsible for failure of the bulkhead. The conditions of 
failure wurv. corrected in the relatively short period of two months by 
the use of sand drains. 

Much progress has been made in the theory of sand drains 
over the past two decades and the innumerable projects where they 
have been successfully utilized provide ample proof as to their effective- 
ness in speeding up consolidation and stabilization of soft questionable 
materials. It therefore follov/s that sand drains could be usud, in 
conjunction v/ith bulkhead construction, where deep layers of unconsoli- 
datoa material exist rather than after the failure. Their use will havv^ 
to be economically justified and weighed against other possible con- 
struction procedures but, if the site conditions warrant same, their 
utilization should bo given careful consideration. 

6. Drainage. 

The necessity for drainage of the area behind a bulkhead is 
discussed in Section IV. The primary reason for providing adequate 
drciinage is to prevent ^xcossivo pressures of hydrostatic intensities 
from being built up behind th^ bulkhead. Surface drainage ditches or 
a subsurface drainage system can be constructed to take care of the 
runoff which may tend to accumulate from rainfall or from sea'water that 
has iroken over the bulkhead. Howav-.-r, this again presents an opportunity 
to emphasize the desirability of using non-cohesive, pemeable backfill 
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maturials naxt to tho bulkhead. If auch wor^ thv, casa there would be 
no necessity to provide an expensive and elaborate drainage system 
and provisions would have to bo made only for ordinary surface drainage. 

D. Sheet Piling 

There are many varieties of sheet piling which have been 
utilized in anchored bulkhead construction. The main types are wood, 
reinforced concrete and steel shc^t piling, the latter being the most 
prevalently used type for anchored bulkheads, oince th^ dimensions and 
structural characteristics of sheet piling are readily accessible in 
various texts and manufacturers' handbooks, no detailed description will 
be given in this thesis. 

1. Driving Techniques. 

Driving of sheet piles plumb and according to plans and speci- 
fications is an art that can only be acquired by experience. Therefore, 
it is imperative that rigid design specifications bo written for all 
sheet piling jobs and the services of none other than a reputable, well 
equipped contractor should be acceptable. As in other phases of the 
construction competent and reliable inspectors arc essential in order to 
obtain the desired satisfactory end results. 

No attempt will be made to discuss the detailed mechanics 
and all of the techniques connected with the driving of sheet piles. 
However, one important procedure to be followed in sheet pile bulkhead 
consti action is to drive Sv^ctions of th^ piles in increments rather than 
to the required depth at the first driving. This procedure i.vill minimiz 
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tho possibility of th^ intv-rlocks of st.xl sh-_t piling from sticking 
and baing ovorstrcssad. along this sam^ line the interlocks should be 
kept clean and the driving may be expedited by using water jetting when 
piles arv, being driven into fine sand. 

On- of the major difficulties encountered in the driving of 
tongue and grooved timber and reinforced concrete sheet piles is the 
problem of getting a tight fit at the joints. Various schemes have been 
attempted as a m^ans to this end. One scheme is to drive a special type 
pile as the first one in row with the grooved side on a slight batter 
in the direction of the run of the wall. Then as the adjoining piles 
arc driven, their own vireight vj-ill provide the necessary force to push 
them tonrard the previously driven pile. The main objection to this 
method is that the piles are not plumb, and the upper portion upon com- 
pletion of the driving gives a picket fence effect. 

Another scheme for getting a tight fit betvfoen reinforced con- 
crete sheet piling is to have the toe of th^ piles formed square on on- 
side and on an angle on the other side, when being driven the soil will 
exert a horizontal thrust on this angled or bevd-d portion and thus 
force it against the adjacent pile. 

In all cases of reinforced concr-te sh-et piling it is neces- 
sary to take adoquat- precautions to insure that there ar- no openings 
loft betw-en the joints of the piles. In the event that a Secure tight 
fit is not acquir-d th- condition can be coirected by carefully grouting 
between all piles. Jin example of a very serious and expensive failure 
which occurred at a Naval Installation is discussed in Kef. 18 and 
Section IV of this •^hesis. In this case large quantities of material 
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eScaped from behind a 2li-inch reinforced concrete bulkhead through open 
joints between the sheet piling. 

2. Protection Against Corrosion. 

All too frequently bulkheads are designed and constracted 
vvith no provisions being made for protection of the steel sheet piling 
against corrosion. This is a very important consideration, particularly 
when the bulkhead is exposed to sea v/ater in vrarm climates. If a bulk- 
head is constructed and left unprotected in such an area, corrosion may 
become very serious and reduce the strength of the structure to the 
extent that failure conditions v/ill be approached in a matter of 10 
years or less. 

Protective measures should be considered prior to construc- 
tion and after all factors are weighed, a decision should be made as to 
whether or not the protection is necessary and, if so, what type of 
protection is to be used. 

Bitumastic materials have been used effectively and their 
worth has been proven. However, even if applied before construction, 
continuing inspection and maintenance of the areas susceptible to 
corrosion will be necessary. 

An alternate type of protection which may be considered is 
Cathodic Protection. The initial installation can be expected to be 
high but the subsequent maintenance costs are nominal. The objection 
to this scheme other than the initial high cost is that it prevents 
corrosion only in the buried and submerged portion of the bulkhead and 
other protective provisions are still required for that portion above 



the water level 
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The final decision as to nv-cossity of protection and 
tha typo to bo used must bo based on the conditions at each particular 
site and vhothor or not the proposed protection is economically justified. 

£. Anchors 

Anchors may bo composed of timber piles, H piles, sheet 
piles, of the doadman type or a combination of those mentioned. Ona 
of the prime requisites for a safe anchorage is to locate it in a stable 
zone '.veil back from the bulkhead vdiich vdll not permit appreciable 
movement laterally nor permit settlement. A possible advantageous method 
of anchorage for future construction as proposed by Tschebotarioff 
(Ref. 1953 and fief. h9 , 1952) is illustrated in Fig. I?. r.lso it is 
important to space the anchors and the tie rods, which are secured to 
the bulkheads by wal.^s and various fittings, r,t frequent intervals in 
order to take smaller loads rather than being spaced farther apart and 
taking larger loads. Using this scheme r/ill provide a much safer bulk- 
hviad and confine any possiblo future difficulties vath anchors and fit- 
tings to a limited section of the bulkhead. 

ns discussed in oection IV tie rods must be protected against 
sag and uneven yield. The scheme of running the tie rods through a 
largo pipe or boxed culvert is considered one of the best methods to 
guard against sag. Using selected fill and taking care in placing sur- 
charge nd ether loads over the tie rods v/ill also contribute consider- 
ably to the elimination of difficulties along this line. Piles _r^ 
often used no .r th^ mil point of the sp.an of th- tic-rod in order to 



prevent sag. 



In addition to insuring against sag and uneven yivjid of tiv, 
roas it is also nacassary to protect the ti_ rods, <;al-S and fittings 
against rust and corrosion. problem similar to the one previously 
discussed in regard to steal sheet piling is Very likely to exist. 
rioweVer, since the tie rods ;jid fittings will not bo readily accessible 
for inspection after installation and completion of th-- construction, 
it is considered mandatory that precautions be taken against corrosion 
prior to backfilling operations. Bitumastic material or anti-corrosive 
paint could be applied to the tie rods -nd fittings economically, prior 
to installation and then they could be inspected for bare spots and 
touched up shortly before backfilling. 

F. Dredging 

Dredging may be performed by any one of a number of types of 
dredges such as cIiti shell, orange peel, dipper stick, hydraulic and 
others. However, thvj type of dredge used insofar as this paper is con- 
cerned is not too important but the manner in which the dredging is 
performed is all important, a case of a failur.. at a Naval Installation 
r^^sulting from a combination of openings b-tw^cen reinforced concrete 
sheet piling and overdredging is discussed in Hef. 18 and also Section IV 
of this paper. This case gives one very good argument for making 
dredge cuts in stages rather than attempting to make deep cuts all at 
one 0 . 

Precautions should be taken to preclude overdredging to the 
point that the toe is exposed and has little or no support on the passive 



sida with th^ rcjsultant faiD.urt; of ths bulkhead by toj kickout. In 
order to provL,nt f':dluro of this typo precautions should not only bo 
tak>in against ovordrodging but also a safo and adequate d>-pth of crabed- 
raent is mandatory. 

G. Bulkhead Protection 

Frequently expensive anchored bulkhead structures are located 
in exposed areas and no thought is given to their protection until 
after serious problems arise or a failure occurs. Along idth the geo- 
logical and soil exploration in connection vdth the site survey a care- 
ful study of the local weather conditions such as direction and force 
of prevailing vdnds, frequency of storms, etc. should be made. Calcu- 
lations should bo made as to the exposure of the bulkhead to heavy seas 
taking into account the fc-tch, storm conditions and other factors upon 
which the height of tlie wav^s oxpoct^-d to bo encountered could bo pre- 
dicted. All of those factors should be given careful consideration dur- 
ing the design stages and if the scope of the projt:;ct v;arrants same 

and thw conditions are particularly quest! onablv:,, model studies could 

✓ 

be used to assist in solving many of tho problems. 

It may become necessary to construct bre-akv/aturs or a system 
of groins to protect a buli-.head structure and although the first cost 
of this typo of protection '/d.11 bo high, the savings in maintenance 
costs to the bulkhead and hardstand area may well justify this addi- 
tional expense. 
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H. Flovv Slidvjs 

A flovj slidj may wjll provo to ba ono of tho most sarious 
typo of failures in anchored bulkhead construction and such occurrence 
must bo carefully guarded against. A flow slide that occurred in fine 
loose sand during reconstruction of an anchored bulkhead in East Chicago, 
Indiana in 19l|6 is described in Rof. 33> 19U8. In this particular case 
the flovi occurred through a narro'w opening made by the removal of a 
omall portion of an existing sheet pile bulkhead. No Soopage forces 
Wore involved and the prim.ary cause of the slide was attributed to the 
collapse of the extremely loose structure of the fine sand. 
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VI 

COMPARISOi^ OF METHODS OF iiN/iLYSIS 

A. General Considerations in the Comparison of i^esign 
TEeories 

A comparison of the theories presently in use for the de- 
termination of pressures, anchor pulls, required depths of penetration, 
and bending moments involved in the design of anchored flexible bulkheads 
•will be made in the followiiig sections. The theories which are applicable 
in the case of sands will be treated first. These are: (1) The Free 

barth Support Method, (2) The Danish Rules, (3) The Equivalent bea/Ti 
Method Proposed by Blum, (ii) The Simplified Equivalent Beam Method 
Proposed by Tschebotarioff, and (3) The free Earth Support Method vJith 
Moment Reduction Coefficient Proposed by Rowe. The theories which are 
applicable in the case of clays will be dealt with secondly. These 
are: (Ij The method Proposed by Skepton and (2) The Method Proposed 

by Tschebotarioff. 

Comparisons have been made in terms of water depth unit 
weight of soil 7, coefficient of active earth pressure Ka^ and some 
constant derived from the solution obtained irom each of the various 
methods . 

In order to establish uniform conditions for comparison, a 
standard set of proportions for the bulkhead above the dredge line has 
been adopted. These proportions are established in terms of the water 
depth and are based on a value of O.U between the free water 
surface (virhich is taken as being identical tfith the anchor or tie rod 
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level for reasons as explained later) and the surface of the retained 
material, and of 1.0 Hv-; betvieen the dredge line and the free v/ater sur- 
face. These proportions are illustrated in Fig. 19. The relationship 
between the term and the term H or distance between dredge line and 
surface of retained material as utilized by Tschebotarioff (Ref. hi , 
1951 ) and the term H or distance bet’ween the deepest penetration of the 
bulkhead and the surface of the retained material as utilized by rtovire 

(Ref. 36, 1952 ) is given in Table Ii. 

Table k- 

Relationship of (After Tschebotarioff) and H (After Rowe) 



Dimension 

Description 


In Terms of 
water Depth 


In Terras of H, 
Tschebotarioff 


In Terms of H 
P.W. Rowe 


Total height, too 
to backfilled 
surface 


2.0 


1.U3 H 


1.0 H 


Backfilled surface 
to free water 
level 


O.ii H,, 


0.28$ H 


0.2 H 


Free water level 
to dredge line 


1.0 


0.715 H 


0.5 H 


Depth of embed- 
ment 


0.6 


0.ij3 H 


0.3 H 



In order to facilitate the process of computation, it has been 
assumed that the free water surface and the anchor of the bulkhead 
coincide. This is not the case in practice but is considered satis- 
factory for the purpose of the present comparison as long as the same 
assumptions are made in each case. It has also been assumed that there 
is no surcharge acting in any of the cases analyzed. The effects of 
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variations in differential uater level c.nd in anchor level, of differ- 
ential vifater levels on the two sides of the bulkhead, of surcharge 
acting on the surface of the retained material, and the relationshii^ 
of these effects in connection with the cases .-.tudied are discussed in 
Section IV. 

For further uniformity, the unit weight y of soil above the 
water table has been taken to be the same tnroughout and has been 
carried through the computations as a constant. The buoyed unit weight 

, I 

7 of soil belov; the water table has been related to the unit weight 
above the water table as a proportionate part. In sands it has been 
considered that 7'= 0.6 7, in clays it has been considered that 
7'= 0.5 y. This relationship is of course only approximately correct^ 
but considering the many and varied conditions oi different soils, it 
is believed as representative as any relation for its purpose. Actual 
relationships of the unit weights of buoyed and non-buoyed soils in the 
field may be determined as follows, if we assume the same degree of 
density or consolidation above as below the water table. 

According to Ref. ii7, the unit weight of moist soil may be 
express- d in the foot-pound system by 

V _ 62.5 (1 + •H/lOO) 

^ ' 1 + e 

and the unit weight of buoyed soil may be expressed by 

V'_ 62.5 (G - 1) 

^ ~ 1 + e 

where: G = specific gravity of soil 

V/ = water content in per cent of weight of solids 
e = ratio of volume of voids to the voluiiie of solids 
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ir we relate y and y' by a constant C 

y' = c y 

from which G-1 = CG(1+ \j/lOO) 

« = a \i\ w;id6 ) 

The above listed assumptions of y' = 0.6 y for sands and of y' = 0.5 T 
for clays would then correspond to moisture contents above the water 
table of approximately 5 per cent and 26 per cent respectively. 

Finally it has been assumed that in the case of sands the soil 
is xmiform throughout for each analysis insofar as density, angle of 
internal friction 0 , active pressure coefficient Ka^ and passive pres- 
sure coefficient Kp are concerned. Uniform conditions have also been 
selected for analysis of bulkheads in clays vdth the one assumption 
that the fill material above anchor level consists of uniform sand. 
Different values of and Kp are indicated 'when they have been altered 
for a particular analysis. 

The effects of conditions other than uniform have been 
indicated in a previous section of this paper. 

B. Methods of Analysis of Bulkheads in Sands 
1. Free Fiarth Support. 

According to Terzaghi (Uef. kh, 1953) the Free barth oupport 
Method v/as first developed by K. Krey around 1910 and was later published 
by him in kef. 26. This constituted the first analytical approach to 
the design of anchored sheet pile walls, prior work having been performea 
with the aid of empirical rules developed through years of experience 
with this type of construction (Ref. 22, 151^6). The Free Earth Support 
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approach is still in usa today and, though \7ith some modifications, is 
still essentially the same as was first developed over forty years ago. 

In accordance .vith this theory, the bulkhead is considered to 
be a statically determinate bean, on simple supports consisting of the 
anchor at one end and the passive resistance of the earth at the other 
end. It is assumed that the embedded portion is incapable of producing 
fixation to any degree. 

The active pressures are assumed to have a distribution of the 
hydrostatic pattern, the intensity of irhich is governed by the coefficient 
of active earth pressure K^. Three different assumptions are made as to 
the distribution of passive pressures and consequently as to the position 
of the resultant of the passive pressure area. Herv/ever, when the Factor 
of Safety is 1.0, in other words when failure due to toe kick-out is 
imminent, all three schools of thought accept a passive pressure dis- 
tribution of hydrostatic nature, the intensity of which is governed by 
the coefficient of passive pressure K^. 

with reference to Table 2 and to prior discussion of the 
effect of the angle of v/all friction S on lateral earth pressure co- 
efficients, it is apparent that the consideration of wall friction ’.vill 
have a negligible effect on the magnitude of active pressures. However, 
it is equally apparent that the value selected for the angle of wall 
friction vri.ll have a considerable effect on the values of passive pres- 
sures. As the assumption that the angle of wall friction is equal to 
zero results in a greater and therefore safer depth of embedment, this 
practice is usually followed (Ref. Li3, 19U3) • On this assumption the 
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Coulomb values for the coefficients of lateral earth pressures become 
the same as the Rankine values^ or 

Ka = tan2 ([i5° - | ) 

and 

Kp = tan^ (145° + I ) 
from which the relation 




is derived. 

In general the method of solution consists of solving for 
the required depth of embedment necessary to maintain stability of th>, 
bulkhead, considering the selected Factor of Safety, by sujmning moments 
about the anchor. From statics the 

ZM@Ap = 0 

As the resisting moment against toe kick-out is dependent on the third 
pov/er of the unknown depth of embedment D, the depth required can only 
be obtained by the solution of a cubic equation. This equation may be 
solved by any of the approximate methods of solution, three of which are 
described in "Elements of Differential Integral Calculus”; Granville, 

Smith, and Longley (Ref. 20, I 5 I 4 I). It is in this operation of solving 
for depth of embedment that opinions differ as to application of the 
Factor of S,ifety and of the point of application of the resultant of 
passive pressure. These differences of opinion are described in a fol- 
lov/ing paragraph. After the required depth of embedment has been obtained, 
the magnitude of the anchor pull is determined again from statics by 

Eh = 
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Thc remaindvir of the solution consists of solving for the point of zero 
shear betv;eon the anchor line and dredge line and for the magnitude of 
the maximum bending moment which occurs at this point. 

As for assumptions concerning the application of the Factor 
of Safety and the point of application of the resultant of passive pres- 
sure, research into current literature reveals the following opinions 
which will be designated Methods 1, 2, and 3 for convenience of notation. 

(a) Method 1. 

In "Theoretical Soil Mechanics" (Ref. h3j 19ii3)> Terzaghi 
shov/s a trapezoidal distribution of the area of passive pressure required 
to maintain stability of the bulkhead. The upper boundary of this area 
is fornied by a portion of the hydrostatic lino established by the selected 
Kp value. The required area of the trapezoid, and therefore the magnitude 
of the maximum unit passive pressure aid the required depth of embedment, 
is predicated on the condition that the passive resistance should not 
exceed a certain fraction l/F.S. of the passive pressure. This fraction 
is represented by the area of a triangle formed in accordance with the 
Coulomb concept of linear pressure increase vath depth whereby the entire 
passive resistance is mobilized. This relationship is shown in Fig. 19 (I). 
In connection v/ith the value of Kp, it is noted that the assumption of 
wall friction S taken as equal to zero appears to be usually made al- 
though not specifically recommended. 

In the above mentioned reference, Terzaghi further recommends 
that the rv,-sultant of passive pressure be traken at the Cvjnt>:.r of gravity 
of the trapezoidal area, working with this posit'’ cn of the resultant 
of passive pressures complicates the solution for th^ required depth of 
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-mb'^dn^nt to j considerable degree. However, the solution is considerably 
simplified by utilizing the fonn for determining the maximum value of 
unit passive pressure v.'hich is dependent on the Factor of oafety and is 
shovm in Fig. 65 of Rof. h3- The indicated form oi solution is shovm 
in Fig. 19 (I). 



P. (. Rov^Sj in describing extensive model tests vifhich he uses to estab- 
lish a reduction coefficient for the bending moment resulting from the 
analysis by the Free Earth Support Method, recommends a trapezoidal 
distribution of passive pressure similar to that used in Method 1. Hov/- 
ever, Rowe specifically recommends that a Factor of Safety of 1.5 be 
assigned in determining the d^spth of embedmentj that is, the area of the 
trapezoid is 1/1.5 of the area of the triangle representing full passive 
resistance according to Coulomb. He further recominends that the effect 
of wall friction be neglected (8 = 0) in determining Kp . 



In the model tests described by this reference a separate shear 



force v\ras recorded acting on the toe of the sheet pile and in the direction 
of the resisting passive pressure. This force is described as due to 
the vertical component of the active pressure, v/hich is computad on the 
basis of 8 = 2/3 0, and is assigned the value 



Ts = toe shear force 
8 = angle of wall friction = 2/ 3 0 

vifgH = v;cight of sheet pile wall per lineal foot of wall 
= total active pressure 
Pp = total passive pressure 



(b) Method 2. 

In his paper "Anchored Sheet-Pile walls" (Ref. 36, 1952), 



. _ tan 6 
® F.S. 




where: 
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FIG. 19. Pressure, Shear and Bending Moment Curves Showing Comparison of the 
Three Methods of Computation for Anchored Bulkheads in Sands by the Free Earth 
Support Theory. (l) Method 1. (ll) Method 2. (ill) Method 3. 
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FIG 20. Pressure, Shear and Bending Moment Curves Showing Comparison of Results 
of Different Assumptions Using the Free Earth Support Method of Computation for 
Anchored Bulkheads in Sands. 
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On tho basis of this forci; acting at the toj, Rowe then assumes that the 
resultant of passive pressure acts at 1/3 penetration depth from toe of 
sheet pile. 

In order to viork *vith this force acting on the toe and described 
above as Tg it is first necessary to assume a depth of penetration in 
order to determine the magnitude of the force and then work through the 
problem and compare the depth of embedment arrived at with the assumed 
depth. A solution of this nature is indicated in Fig. 19 (II). 

It must be pointed out, hoxvever, that it is doubtful if this 
toe shear force Tg would ever exist under field conditions. This force 
may be attributed to the fact that the toe of the model pile vias located 
only 3 in. above the rigid bottom of the tank. 

(c) Method 3. 

In hiiS paper "Anchored Bulkheads" (Ref.ijlj, 1953), which pro- 
poses a method of design utilizing the bending moment reduction developed 
by P. W. Rowe, Terzaghi recommends that the distribution of passive 
pressure be assumed to be triangular in shape; in other words, to follow 
th<^ Coulomb concept \;ith the resultant acting at 1/3 depth from the toe. 
The fact that the actual passive pressure distribution is more nearly 
trapezoidal than triangular is again reiterated by Terzaghi and the use 
of the triangular area is justified only in that it simplifies computation 
in cases on non-horaogenous soils below the dredge line and is an assump- 
tion on the safe side. 

In assigning values of K th^ effect of ’/all friction in an 
amount of 8 = 2/3 0 is accepted. Due to this \/all friction, values 

of Kp ranging from 9.0 for a 0 of 38° to p.O for a 0 of 30° are suggested 
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for clean sand of dense to loose state respectively. In applying a 
Factor of Safety^ it is suggested that the Kp values be multiplied by 
1/F.S. and that a value of fron 2 to 3 be assigned as Factor of Safety. 
Depending on the applicable Kp and on the Factor of Safety selected, this 
method can result in Kp for use in determining depth of embedment which 
is near to or less than Kp obtained, neglecting the effect of wall fric- 
tion entirely. These cases with different Factors of Safety are shown 
in Fig. 19 (III) and a case computed on the basis of triangular distribu- 
tion and full wall friction of 6=0 with a Safety Factor of 1.0 
is shown in Fig. 20 for comparison. 

vVith regards to the above described Methods 1, 2, and 3 lor 
passive pressure distribution and application of the Factors of Safety 
against failure by toe kick out, comparisons have been made on assumption 
of depths of embedment of 0.6 0.8 and 1.0 %. The pressure, 

shear, and bending moment diagrams are shown in Fig. 19 (l), (II), and 
(III) respectively. In the case of Method 1, with the resultant of the 
passive pressure acting at the center of gravity of the trapezoid, addi- 
tional depths of embedment of 1.5 and 2.0 Hyy have been computed. It 
is obvious that such depths of embedment would be impractical. However, 
from a theoretical standpoint it is interesting to note the development 
of fixation when these assumptions are applied to greater and greater 
depths of penetration. This fixation is due to the devol<^bment of active 
pressures of greater magnitude than the restraining passive pressures. 

In consideration of model tests as ccnductod by Tschebotarioff 
at Princeton University (Ref. U6, 19i;9) and Rowe at St. Andrcv;s University, 
England (Rof. 36, 1952), it is quite obvious that the assumed pressure 



distribution of fviethod 1 of the free Earth Support Theory would not hold 
for the above mentioned extremes of penetration. Hovfever, the variation 
of bending, moments serves to illustrate the effect of increased depth 
of penetration on the trend of bending moments at shallower depths of 
penetration where the assumed pressure distribution is more nearly 
correct. 

Comparison of the bending moments given by method 1 in Fig. 19 
(I) with the bending moments given by Methods 2 and 3 in Fig. 19 (II) and 
(III) shows that the bending moment computed on the basis of the resultant 
of passive pressure acting at the center of gravity of the trapezoidal 
pressure area does not increase in the same proportion as the bending 
moments resulting from the assumption that the r.^sultant acts at a distance 
of one- third depth of penetration from the toe. vVhen computed on the 
basis of full development of the Coulomb passive pressure, witn S = 0 
for Methods 1 and 2 and a factor of Safety applied to method 3 to give 
Kp equivalent to 8 = 0, the maximum moment of the three methods coincide. 
However, when required depths of penetration are computed for Methods 1 
and 2 on the basis of a Factor of oafety greater than 1.0 and for 
method 3 on basis of Factor of Safety to give the same depth of embed- 
ment, an increase of up to 38 par cent over the banding moment obtained 
from Method 1 will be obtained by the use of Methods 2 or 3 v^hen the 
required depth of penetration is equal to This effect is shoi-m in 

Fig. 3U. 

This variation is due to the upward movement of the center of 
gravity of the trapezoid, according to Method 1, from the position at the 
center of gravity of a triangle when the Factor of Safety is equal to 



1.0 to a position moro nearly approximating the center of gravity of a 
rectangle as the maximum unit passive pressure is reduced by a Factor of 
Safety greater than 1.0. In the case studied (rig. 19 (I)) the point 
of application of tho resultant of passive pressure changes from O.UO 
to 0.58 belov; the dredge line as depth of embedment is increased 
from 0.6 Hyy to 1.0 thereby resulting in a shorter span than in the 
case of Methods 2 and 3 in which the point of application of the resultant 
moves from O.U Hy^ to 0.6? % with the same increase in depth. 

The three different Methods of solution result in three different 
values of Factor of Safety depending on assumptions as to the value of 
wall friction and the point of application of the resultant of passive 
pressure. The apparent values of Factor of Safety for the three methods 
and for the three depths of embedment are given in Table 5* The Factors 
of Safety computed on the basis of full value of wall friction (8=0= 30°) 
are also sherwn in parenthesis for comparison vdth the apparent values. 

Table 5- 

Apparent Values of Factor of Safety Against Failure of Passive 



Earth Support, 


Free Farth Support assumptions 




Depth of jLmbcdrnent 


Method 1 


Method 2 


Method 3 


0.6 Hyy 


1.00 


1.00 


1.71 


(2.36) 


(2.36) 


(2.36) 


0.8 


1.37 


1.U3 


2.U5 


(3.22) 


(3.37) 


U.37) 


1.0 HyY 


1.68 


1.83 


3.12 


(3.93) 


(U.3 ) 


0^.3 ) 



Note: Values in parenthesis ar- computed on the basis of full wall 

friction of 8 = 30°. Value of Kp = 6.U taken from Table 2. 



Tht. valuu of 8 = 30 ° h-s bo n us^d is an upper liinit for tho 
possible value of wall friction. On the basis of plane surfaces of failure 
this would correspond to Kp = 10.0 and on the basis of curved surfaces 
of failure to Kp - 6.U (def. hi, 1951) • The factors of Safety shown in 
parenthesis in Table 5 are computed on the basis of curved planes of 
failure. 

In tests conducted by Tschebotarioff at Priuceton University 
(kef. 19h9) j it was possible to measure only the residual pressures 
(the difference in passive and active pressures) below the dredge line. 
These residual pressures v;ould be expected to be lo’wer than the passive 
pressures which actually existed^ and the resulting coefficients of 
passive pressure Kpj. computed from measured values would be correspond- 
ingly smaller. However, in several cases Kp^ values in excess of 12.0 
v/ore computed from the residual pri,ssures recorded with more flexible 
bulkheads. The average residual values obtained from all tests were as 
follows: ( 1 ) after backfilling had been completed Kp^ = 7*90, (2) aftv:r 

extreme vibration of the retained material Kpr = 7*08, (3) after movement 
of anchor Kpj. = 8 .I 6 , (U) after vibration of the material in front of th^. 
toe with spud vibrator Kpj. = 1.2i;. It is to be noted that the vibration 
of the sand in the passive zone v/as produced by lawering a spud typo 
concrete vibrator into the sand which resulted in transfer of the resultant 
of passive pressure from a point near the dredge line to a point near 
the toe of the bulkhead. This is considered to be an extreme treatment 
and, although little is known about the effects of vibration due to wave 
action or other causes on prototypes, it does not appear plausible to 



expect such vibrational affects on full scal<, bulkheads except as deliberately 
induced such as vj-ould result from driving pileS adjacent to the bulkhead. 

In tests conducted by P. .v. i-iowc (rief. 36, 1952), the values 
of K varied from approximately that obtained from an assumption that 
6 = 0 to greater than the value obtained from an assumption of 8 = 2/3 0 
for very stiff to very flexible piles respectively, itowe attributes the 
differences in value to differences in deflection of th^ piles at the 
dredge lino or, in other words, to differences of movement of the piles 
into the restraining material. He illustrates this with diagrams showing 
the measured pressures obtained by the rotation about the toe of a stiff 
wall into restraining sand as illustrated by Fig. 21. 



0.05^ 





0.005 



Fi'G* 21, Measured Types of Pressure Distribution on 
Stiff v\i'all Rotating into Soil (After P. ih 
Rowe, Ref. 36, 1952) 



From this figure the distribution of 'pressure would also depend 
on the density of the soil as Wull as on the degrou of movement into tho 
soil. If the actual movements of a full scale wall corresponded in 



proportion to tht movements of the model v/all, it v/ould then appear that 
the restraining material must be consolidated by this movement. In 
consideration of the fact that this would occur after th>- material had 
been partially consolidated by the vibration and impact of driving the 
piles (def. 1, 19 U 6 )j it seems improbable that the loose state described 
by Kowe for restraining soil could possibly exist in practice. 

This has been pointed out in Tschebotarioff ' s discussion of 
Terzaghi's paper "Anchored Bulkheads" (Ref. 195U) • Reference is made 
to tests Nos, (5^4^), (56 a), Sk, and 56 of the tests conducted at Princeton 
University. The tests whose numbers are enclosed in parenthesis were 
conducted with sands deposited by shoveling through water and with no 
compaction. The other two tests wero respectively identical in all 
respects except that they were conducted with sands compacted below the 
dredge line prior to backfilling by vibration with a concrete spud vibra- 
tor. However, displacements of the bulkhead in the case of the loose 
sands were only some 75 par cent larger than the displaccmv^nts in the 
case of dense sands. Coraparison of the ctual pressure diagrams shows 
that the residual Kp^ values resulting from tests Sh and (5ih0 are 
approximately the same except that the point of zero shear is located 
on the bulkhead at a slightly lo’wer depth. Further coraparison sho^vs the 
residual Kpj. values resulting from test (56A) to be lov/er than that 
obtained from test 56 and to give a distribution simil-r to that shovm 
in Fig. 21 fcr loose sands. It is believed that this is du>^ to the 
difference in the typos of deflection which occurred in the tests 
and (56 a) . 
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The embodded depth of tcet (SU-O was 20 inches, and th^ bulkhead 
shoviTod a uniform forv^ard movom-nt of 0.02$ inches from the toe to 10 inches 
above the to^ and a for^vard movement at the dredge line oi 0.15 inches, 
in the case of test (56k) the embedded depth v^as only 12 inches, and the 
toe showed a movuraent of 0.10 inches while a mov>^ment of 0.20 inches vias 
recorded at the dredge lin^;,. In other words, in test ($kh.) there was 
more of an actual rotation about a fixed point into the restraining soil 
than in the case of test (56A) which was moro representative of a combina- 
tion of horizontal forward and rotational movement. The effect v;hich 
rotation of a for»vard moving wall has on increasing the effectiveness 
of wall friction has been furth..r demonstrated by Tsehebotarioff in 
Hof. 51. 

As a further measure of the degree of compaction caused by 
the mobilization of passive pressures, it is noted from Ref. ii6 that 
the average of relative densities of all the trinceton tests is recorded 
as IOU.9 par cent for the zone in front of the bulkhead, 9h>3 por cent 
for the zone behind the buL.head below the dr^dg^ line, and 8I4 per cent 
below thv- anchor lin^. Thv.se values are compared to a maximum density 
obtained in the laboratory by means of coifibin. d tamping and vibration. 

It would then appear that the values for Kp, based on 8 = 2/3 0 
for clean sand as proposed by Terzaghi in Ref. UI4, 1953> are reasonable 
values and that the Factor of Safety against toe kickout as given by 
Method 3 s.re the most nearly representative of the true values. The 
actual Factors of Safety of Methods 2 and 3 are than between the values 



shov/n in th 2 paivnthesis as indicated in Tabl^ 5- A.s an example the 
actual factor of safety when d<-pth of -^mbed;n>-nt equals 0.6 Hy, is approxi- 
mately 2.0 as proposed by Tsehebotarioff in formulating his m-thod 
(Ref. U6, 19 h9). 

It is common structural practice to d.-sign for maximum moments 
on the basis of a set of assumed loads which correspond as nearly as 
possible to thv loads which 'will be borne by th„ structure and to then 
apply the Factor of Safety to the ultimate strength of the material thereby 
obtaining allov/able stresses which are used in the design to resist the 
computed moments. This does not correspond to practices currently advo- 
cated for use of the yree Earth oupport Method. 

For iViethod 1, Terzaghi ( Ref. h3} 19U3 ) iiidicates that the 
depth of erab3dn;ent is usually computed on the basis of 6 = 0 and a Factor 
of Safety of 2.0. However, he makes no commitment as to the depth of 
penetration which should be used for computation of maximum bending moment. 
For Method 2, Rov/e (Ref. 36, 1952) recommends that S be taken equal to 
zero for the purpose of determining Kp and that a Factor of Safety of 
1.5 against the toe kick out be applied. The bending moment is then 
computed from the basis that the resultant of passive pressure acts at 
one third of this depth from the toe. For Method 3> Terzaghi (Ref. lili, 
1953) now recommends that a Factor of Safety of 2.0 to 3*0 be applied 
against toe kickout but does allov/ for the computation of Kp on the 
basis of 6- 2/3 0 . The moment is then based on the resultant of passive 
pressure acting at one third of this computed depth above the toe. 

The nonconformance of assumed Factors of Safety against toe 
kickout considering a value of 6 = 0 and the probable actual Factor of 
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Safety was discussed in preceding paragraphs. The eifect of the position 
of the point of application oi the resultant of passive pressure on the 
inaximum banding moment has also been discussed. It is therefore quite 
possible to show a considerable bending moment reduction over that 
assuraed by the current concepts of Free barth Support by merely comput- 
ing the moment on the basis of the actual critical depth of embedment 
(F.S. = 1.0) and the Coulomb distribution based on curved surfaces of 
failure and full v/all friction acting (Case A, Fig. 20). 

Fig. 20 has been prepared to illustrate this reduction. Curve n 
has been computed on the basis of Coulomb distribution vdth full utiliza- 
tion of passive pressure, angle of wall friction S = 30°, and curved 
surfaces of failure giving a value of Kp = 6.1; and vdth a Factor of 
Safety against failure of passive earth support of 1.0. Curve B has 
been computed on the saae basis as Curve A except that a Factor of 
Safety against toe kickout of 2.25 has been applied to obtain a required 
depth of penetration of 0.6 H^, and the resultant of passive pressure 
has been taken as acting at the center of gravity of the trapezoidal 
area. Curve J has been computed on the basis of Method 2 and assuming 
a Kp value equivalent to an angle of virall friction 6 equal to zero, the 
resultant of passive pressure acting at one-third depth of penetration 
above the toe, and a Factor of Safety against toe kickout of 1.0 giving 
a depth of penetration of 0.6 H^. Comparison of the three curves of 
Fig. 20 shows that Curve A represents a bending moment reduction of 
approximately 27 per cent over that given by the assumptions on vfhich 
Curve C is based. Further comparison with the curves of Fig. 19 shov/s 
a bending moment reduction of approximately 3? per cent over P. Rowe's 
proposal (lief. 36, 1952) considering a Factor of Safety of 1.5 against 



toe kickout and resialtant of passive pressure acting at one-third depth 
of penetration above toe. Curve B represents the logical assuiaption 
for position of resultant of passive pressure if Krey's assumption of 
trapezoidal distribution did hold, and even this curve on the basis of 
a Factor of Safety of 2.25 against toe kickout represents a reduction 
of 17 per cent of the maximum hioment of Curve C. 

It therefore appears evident that a reduction of maximusa 
moment can be realized by the simple application of statics, a recogni- 
tion of the developed loads, and a standard approach used in the design 
of other structures to the Free Earth Support iviethod. Using this 
approach it would then seem that since a Factor of Safety of 3*0 or more 
is normally considered in the material of Virhich the bulkhead is composed, 
it would then appear logical to compute the required depth of penetration 
using a Factor of Safety of 2.0 to 3*0 considering wall friction acting 
for a balanced design. 

It may be argued by some that the Coulomb distribution of 
triangular shape and low values of Kp becomes effective as soon as 
the depth is increased beyond the absolute critical depth required to 
maintain stability of the toe. However, as discussed under the Section III 
on reduction of bending moments, the problem is not one of the distribu- 
tion of passive pressure due to mobilization of friction at the rnoment 
of failure as a rigid wall begins to slide out, as conventional concepts 
have it, but rather one of mobilization of passive pressure by the rota- 
tion of the sheet pile into the soil, the tendency of which v/oula increase 
with increased depth of penetration. Tschebotarioff has recognized this 
condition as a function of the displacement 01 the sheet pile (Ref. hSjl9h9) • 
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An attempt to make a mathematical analysis ol a similar problem, that 
of a pile subjected to horizontal thrust above the ground level, has 
been made by Palmer and Thompson (Ref. 31, 19U8). The mathematical 
complexity of this solution places it beyond the field of imirediatc 
practical application. 

This interaction between sheet pile deflections and passive 
pressure distribution has also been noted by Rowe (Ref. 36, 1952), who 
describes it as a complex function of deflection, depth, and soil-density. 
Actually, it appears that the problem cannot be directly related to an item as 
simplj. as soij.-dc.ftsi ty uhleh nns ingeniously .itt— apt-d by Ro..w. rlv-fi if 
this were possible the same problem would be encountered v/hich has for 
years thwarted the proponents of various pile formulas for determination 
of bearing capacity; that is, the physical properties of the soils as 
determined before construction are altered by the construction and the 
action of the applied loads. 

2. The Danish Rules. 

The official Danisn Bulkhead Regulations were first published 
by the Danish Society of Engineers in 1926 and vrere later revised and 
republished by the same organization in 1937* a translation of the 
pertinent points of the 1937 Regulations, 'which varied but little from 
the 1926 Regulations, along with a brief history of events leading to 
their development, is given in Ref. U7. The official regulations were 
developed from observations of older structures which had been designed 
and built in accordance with established rules of practice rather than 
in accordance witti recognized design procedures. They in effect recognize 
the fact that earth pressures developed against flexible v/alls are not in 
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thc range of magnitude assumed by the Coulomb distribution on rigid 
<valls, but must be recognized as purely an empirical approach to the 
problem. This is in accordance ^d.th a statement published by one of the 
authors of the Danish Rules, A. E. Bret ting, who on page 101 of Kef. 5 , 
in speaking of the Danish regulations, stated: 

"Of many structures designed according to these regulations 
(which have no real theoretical basis) very few have been 
unsatisfactory, v/hen good backfill as sand has been 
employed. " 

The remainder of the statement by Professor Bretting also deserves some 
attention, for regardless of the empirical nature of the Danish Regula- 
tions, the works constructed in accordance Tdth them have on the whole 
been quite successful. Considering that these rules assume the greatest 
reduction of earth pressure of any of the methods, this may be taken as 
significant evidence that many structures have been overdesigned by other 
methods. 

The somewhat complicated method of design in accordance mth 
the Danish Regulations is taken from Ref. h7 • The critical depth of 
embedment to is arbitrarily selected as 0.30 to 0.35 of the water depth 
Hyy and the resultant of passive pressure is assumed to act at two thirds 
of this distance below the dredge line. A distribution of active pressure 
in accordance with the Coulomb theory is assumed as acting dovm to the 
point of application of the resultant of passive pressure, and then this 
active pressure is altered by a parabolic area inscribed through three 
points a, b, and c as shown on Fig. 22. These points are established 
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in accordance with the Coulomb theory is assumed as acting dovm to the 
point of application of the resultant of passive pressure, and then this 
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points a, b, and c as shown on Fig. 22. These points are established 
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Fig. 22. Pressure and Bending Moment Curves According to the Danish Rules 
Showing Effect of Stiffness of the Anchored Bulkhead. 
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•13 I'ollov/s: 

Point a is taken at thv. intersection of ttic bulkhead and 
the resultant of passive pressure. 

Point b is taken at a distance L/2 below the anchor iin^ and 
at a distance Q from the face of the bulkhead on the active side. 
Thv. magnitudes of L and Q are established as described below: 

L = distance from the anchor point to the point of action 

of the resultant of passive pressure or L = Hw + 2/3 t. 

and Q = kZEM10h/L)J 

5 + (lOh/L) ^ 



where 

h = height of surcharge and of the soil above the anchor level, 
transformed to correspond to the unit weight of the soil 
above the anchor level 

p^, = uniformly distributed unit load which will produce the 
same bending moment in the sheeting as thv^ load imposed 
by the active pressure between anchor level end point of 
application of the resultant of passive pressure, or ir. 
other words, as the active pressure applied over thu 
length L. 

and k = i — 

7/ 0.01 / XT^nT~Ea 

sin /(/ L <T 

•whjr<^ 

n = ratio of th. nugativo bending moiucnt at anchor 1- Vcil to 
tho positiv<^ bending ..lOnent or th>- span below th^ arichor. 

£ = Young's modulus for th^- sheet pile -aaterial 



a = thickness of the sheet pile wall, or for steel sheet 
pile the distance between extreine fibers. 

O’ = permissible bending stress 
0 = angle of repose 

Point c is taken on a line at the same level as the anchor and at 
a distance of ij Q from the face of the bulkhead on the passive 
side. 

Once the pressure diagram is fixed by the points described above 
and as shown in Fig. 22, the bending moment, anchor pull, and passive 
pressure resultant may be obtained approximately as follows: 

a. Maximum Bending Moment 

M2 = Mo - 

where: M2 = maximum positive bending moment for design of 

sheet piling 

Mq = bending moment of beam of span length L freely 
supported and loaded with the Coulomb pressure 
distribution without reduction 
= negative bending moment at anchor level 

b . Anchor Pull 

Ap = Ao + Ai - ^ QL 
where: Ap = anchor pull 

Aq = reaction at the anchor level of beam of span 
length L freely supported and loaded with the 
Coulomb pressure distribution without reduction 
A]_ = total active pressure developed above anchor level 



c. Passive Reaction 




v;here: Ep = resultant of passive pressure 

Bo = lower reaction of beam of span length L freely 
supported and loaded with the Coulomb pressure 
distribution without reduction 

The Danish Rules further propose that the depth of embedment 
be made equal to D = t^ ^ 2 to provide a Factor of Safety of 2.0 
against toe kick-out. 

The Dcinish Rules as described above do not specify a method for 
obtaining a veilue of the uniformly distributed unit load pn which will 
produce the same bending moment in the sheeting as the trapezoidal (or 
triangular as the case may be) load imposed by the active pressures of 
the Coulomb distribution. The follovd-ng discussion will show that p^ 
may be taken as the unit pressure obtained from the Coulomb distribution 
at the point L/2 below the anchor line. 

The most extreme case of variation of maximum moment developed 
over the span L, considered simply supported, from the maximum moment 
developed under uniform load vrould result from a triangular distribution 
of active pressure. The loads and resulting moment diagrams v/ould then 
be as shown in Fig. 23. 
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moment 




( a) Triangular 
Loading 



load 



moment 




P2 



(b) Unifonn 
Loading 



FIG. 23 . Comparison of Maximum Moments Developed by Unifomly Increasing 
Load and Uniform Load. 

From this figure, it is obvious that for a uniform load of unit 
intensity Pj^ to produce M 2 = Mq_ we obtain 

0.125 ¥il 2 L = 0.1283 

7^2 = 1.028 ¥]_ 
and Pjjj = P 2 = 1.028 p^^ 

or in other virords, the above assumptions result in an error of less than 
3.0/fe for the most extreme difference. Undwr normal trapezoidal loading 
this error will be of smaller magnitude. 

It is worthy of note that the Danish Rules, for all of their 
empirical origin, recognized the effect of wall stiffness on the bending 
moment produced and included this factor in the expression for k 

k = 

1 + /(I + n) E~ 

sin 0/ L cT 
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In making comparison of tho values obtained from the Danish Rules, it of 
course is not possible to express the values of E, a, and <T in terns 
of y as these values depend on materials selected for construction. 
Therefore, various sheet pile handbooks (Refs. 5Uj 1953; 19U0; 3h, 1950) 

have been scanned for logical sections which night be used and the various 
values of k solved for as shown in Table 6. The maximum and minimvim values 
of k thus obtained have been used for the values shown in Fig. 22 and 
Table 8 for comparative purposes. 



Table 6 

Values of k for Danish Rules 



Hv, = 10', 

Section 


L = 12.3ii' 
a (in) 


0- (#/sq.in.) 


k 


U.s. steel MP-115 


6.50 


2.20 X 10^ 


0.860 


Lars sen 


5.12 


1.70 X 10^ 


0.859 


Krupp KSI^ 


6.31 


1.99 X 10^^ 


0.858 


Concrete 


8.00 


1.35 X 10^ 


0.815 rain. 


Hv, = 20', 

Section 


L = 2U.68' 
a (in) 


a (#/sq.in.) 


k 


U.S. Steel MP-110 


12.00 


2.20 X 10^^ 


0.865 


Larssen new 


8.62 


2.30 X 10^ 


0.887 


Krupp KSI 


6.31 


2.27 X 10^ 


0.901 max. 


Concrete 


12.00 


1.35 X 103 


0.835 


Hv; = 30', 
Section 


L = 37.02' 

a (in) 


O’ (#/sq.in.) 


k 


U.S. Steel MZ-32 


11.50 


2.20 X 10^ 


0.890 


Larssen IV new 


lii.l9 


2.07 X 10^ 


0.875 


Krupp KN IV 


11.00 


2.27 X 10^^ 


0.895 


Concrete 


16.00 


1.35 X 10^ 


0.8Uii 
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= UO', L = U9.36 



Concrete 



Krupp KKN IV 



Larssen VII 



Section 



22.00 



a (in) 

18.12 




O' (rVsq.in.) 

2.30 X 10^ 
2.27 X 10^ 

1.35 X 103 



0.88ii 



0.873 



k 



Note: Young’s modulus used throughout as 30 x 10^ for steel and 

as 3 X 10^ for concrete. 



It is possible to obtain an uxact solution under the assumption 



of the Danish Rules by establishing a coordinate system and setting the 
coordinates of the three points into the general form for a parabola. 

This results in three equations which may be solved simultaneously to 
obtain the equation from which the exact pressure diagram may be obtained. 
However, due to the empirical nature of the assumptions involved, this 
procedure does not appear to be justified as the operation becomes quite 
laborious. It therefore appears that the approximate equations, as 
suggested by the 1937 revision, are satisfactory for obtaining the values 
of reactions and maximum bending moments. 



tarioff (Ref. h9, 1952) that arching as implied by the pressure diagram 
of this method can only be realized in practice in the case of sunk 
walls with non-yielding anchors such as might only be encountered in 
relieving platforra construction. This was later confirmed by Rowe 
(Ref. 36 , 1952 ) whose model tests also demonstrated the unstable nature 
of the vertical sand arch. Bearing these limitations in mind, it seems 
very pertinent that ebe Daxdsh Rules were in fact developed in conjunction 



As previously stated, it has been shown conclusively by Tschebo- 
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with this typo of construction, specifically v/ith the Christian! and 
Nielson type of wharf. (Ref. 22, 19U6) It sho ild, hovrever, be noted 
that the pressure distribution assumed by the Danish Rules does not 
confonii to the distribution of pressures even in the case of sunk and 
dredged walls as recorded by either the tests of Tschebotcirioff or Rov/e. 
The actual pressures recorded are shown in Fig. 10. From this it is 
seen that the high pressures at the top of the bulkhead are developed 
above the anchor level and not belov^ the anchor as assumed by the 
Danish Rules. 

3* Blum's Equivalent Bean inethod of Designing 
Anchored Bulkheads in Sainds. 

This method comes under the category of Fixed Earth Support 
and was developed by H. Blum (Hef. 3 , 1931) > from the elastic line 
method which is described in (Ref. U7)» The elastic line method entails 
a laborious and time consuming process, is seldom used in practice, and 
therefore will not be described in this paper. Blum established a theo- 
retical relationship between the angle of internal friction, 0, and the 
distance, x, from the dredge line to the point of contraflexure, c, by 
repeated trial computations. Fig. 2U (III) gives this relationship, where 
0 is expressed in terms of the coefficient of active lateral earth 
pressure Kg.- These computations involved using different values of 0, 
and of Kg based on the equation for granular cohesionless soils = 
tan^ (li5® ~ 0 /2), and the value of the coefficient of passive lateral 
earth pressure Kp = 2/Kg. Blum doubled the Kp value as compared with 
the results which would be obtained in the conventional manner for co- 
hesionless soils, Kj, w l/Kp. This was done because of the results 
of previous tests by Franzius (Ref. 17, 192U) at Hanover. During these 
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tcsts Franzius obtained very high values of passive resistance and 
therefore recommended the doubling of these values. However, since he 
did not consider the direction of the wall friction and since the side- 
wall friction may have had a greater influence on the increase of passive 
resistance in the tests than was estimated by him, there has been some 
doubt as to whether the tost data should or should not be applied to a 
normally long wall under field conditions. Recent experiments conducted 
by Tschebotarioff with much more elaborate apparatus (Ref. 1953) have 
confirmed these recommendations under certain conditions as described in 
Section II of this paper. 

Blum's Equivalent Beam Method consists of assuming a hinge at 
the point of contraflexure c, where the bending moment is zero. The bulk- 
head is than treated like two separate freely supported beams as shown 
by the free body diagrams in Fig. 2li (II). By taking the upper portion 
of the bulkhead as a beam v;ith an overhanging end supported at the anchor 
and lower reaction as shown, the value of the anchor pull A , the shear 
at the point of contraflexure, and bending moments are determined by 
statics in the usual manner. The lower portion of the bulkhead below the 
point of contraflexure c is also treated as a separate freely supported 
beam on two supports. K" = Kp - and all loads acting on this por- 
tion of the beam are knovm except the reaction R^. By summing moments 
about R^, the span (D' - x) can bo found and then the final depth of 
embediient can be determined from the relationship D = 1.2 (D' - x + x) = 



1.2D' . 
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Blur, I's method has sometimes been cid-ticized because of its 
allegedly doubtful assumptions (Refs. 7 12). However j it has been 

shown by Tschebotarioff (Ref. U6) during the Princeton Tests that Blxun's 
method of fixed earth support comes very close to reality when used v/ith 
backfilled bulkheads. 

Based on the general assumptions outlined in Section VI A, 
the various values for pressure, shears and bending moments have been 
determined for representative values of the angle of internal friction 
0 using Blum's method and have been plotted as shovm in Fig. 2k (I). 
Comparative values of K^, x and D' for the different values of 0 are 
shovm in Fig. 2k (II) beneath the applicable free body diagram. Compara- 
tive values of shear and bending moment have been computed for varying 
assumed values of and the curves from these computations are shown 
in Table 8 and on Fig. 2k (I). It can be readily seen that the maximum 
bending moments and the depths of embedment vary considerably for varying 
values of 0. As 0 increases, the following trend can be established: 

(1) K-^, as found from the equation = tan^(ii5° ~ ^ decreases. 

( 2 ) The point of contraflexure c, approaches the dredge line and theo- 

retically conincides with the dredge line at values of 0 = 39«7° and 
Kq = 0 . 220 . (Tschebotarioff found that the location of the point of 
contraflexure may vary enormously depending on quite a number of other 
factors not related to the angle of internal friction of sand, 0.) (Ref. 
U6) (3) The values for the depth of embedment D become smaller as do 

the values of the anchor pull Ap and the maximum bending moment. 
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FIG. 24. (I) Pressure, Shear and Bending Moment Curves Showing Comparison 

of the Effect of the Angle of Internal Friction as Computed by Blum's Method 
of Fixed Earth Support. (ll) Free Body Diagrams for Data as Shown, (ill) 
Relationships of and the Location of the Point of Contraflexure. 
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It follows from the foregoing that .J.1 designs by Blum' s method 
aro a direct function of 0 of the soils. This appears to be a fundam«,ntal 
fallacy in Blum' s procedure since there is no satisfactory method of 
taking undisturbed samples of sand and therefore a considerable variation 
may exist between the laboratory values of 0 and the actual values of 
0 in the field. In view of the questionable correlation of the values 
of 0 it is considered doubtful if the required refinements and the 
utilization of the many variables in the computations by Blum's method 
are justified. However, this is not to imply that Blum's method does 
not have merit, it merely means that tho authors consider that the 
refinements in the computations are not justified. Tschebotarioff 
showed during the Princeton Tests (Ref. Ii6, 19U9) that Bliua' s method of 
fixed earth support comes very close to reality despite such criticism 
of the method as outlined in the following paragraphs. 

Davidenkoff (Ref. 12, 19U8) criticized Blum' s mothodj first, 
by stating that it was wrong from the viewpoint of statics because it 
takes a statically indetenninatc problem and quite arbitrarily makes it 
statically detenninate, and second, from the point of view that the 
assumed distribution of pressure cannot exist simultaneously with the 
selected locations (from the numerous possible ones) of the elastic line 
since this is contradictory to the principles of soil mechanics. Blum 
himself wrote that passive earth pressures will be mobilized only if 
movements are present. This conflicts with Blum's theory that the 
bulkhead is tangent to the vertical at the toe which would indicate no 
movement at that point. In spite of this Blujn considers that high 
passive pressures are mobilized at the toe of the bulkhead. Davidenkoff 
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concludud that Blum's deturraination of the depth of penetration may be 
considered as a purely scholastic procedure vvhich secures the stability 
of the bulkhead with an unknown factor of safety and docs not give the 
right values of bending moments and therefore should not be used. 

Browzin (Ref. 1 , 19U8) also criticized Bluin' s method after 
making experimental model test with anchored bulkheads. He concluded 
that tht; principal errors inherent in Blum' s method are that the deflec- 
tion of the sheet piles is assumed out of proportion to the flexibility 
of the sheet piles and the elasticity of the soil, whereas in the fixed 
earth support method, these factors must be taken into consideration. 

Ho further concluded that there is no justification for the assumption 
that the passive earth pressure is fully mobilized. 

The writers consider that in general the above criticism by 
Davidenkoff and Browzin is justified and the fact that Blum' s method 
does give values bordering on reality as shown by (Ref. I46} just indi- 
cates that these results were arrived at by a series of compensating 
errors. 

Blum's Equivalent Beam Method (used in design considerations 
for selecting the proper sheet pile section) gives valucS for maximum 
moment v^hich are less than those obtained by the Free Earth Support 
method previously discussed in section B-2 and greater than those ob- 
tained by Tschebotarioff ' s Simplified Equivalent Beam Method discussed 
in the subsequent section B-U* 

U. Tschebotarioff ' s Simplified Equivalent Beaia Method 
in Sands. 

Blum's Equivalent Boaij Method was discussed in the previous 
section. In that section it was pointed out that Bluja's method consisted 
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of assuming a hinge and a free support at the point of contreiflexure and 
that the location of this point depended on the angle of internal firiction 
of the sand. It was shown that theoretically the point of contraflexurc 
coincided vidth the dredge line (x = 0) for the value of = 0.22. 

However, Tschebotarioff found in his tests at Princeton (Ref. U6, 19U9) 
that the location of the point of contraflexure could vary enormously 
depending on quite a number of other factors not related to the angle of 
internal friction of the sand. As a result of these findings Tschebotarioff 
made a compairison of the measured values of his tests to the theoretical 
values computed from the Fixed Earth Support method by introducing the 
simplifying assumption that in all cases the point of contraTlexure co- 
incided with the dredge line. He found that this assumption did not 
represent an appreciable departure fran the actual facts. Tschebotarioff ' s 
method is by far the most straight-forward of those analyzed in this 
paper and therefore the simplified bean method is considered an excellent 
tool with which to work, for speedy calculations. The accuracy of 
the method was not only substantiated by the Princeton Model Tests but 
has been further corroborated by differential slope measurements of an 
anchored bulkhead in the harbor of Bremen (Ref. 59j 1953)* Rig* 25 shows 
hov; closely the moments computed by Tschebotarioff ' s method compare with 
the measured values at Bremen. The soil in the harbor at the anchored 
bulkhead site consisted of sand in some locations and of compact sandy 
clay in others. 

Fig. 26 shov/s thu lateral earth pressure diagraiii as v/ell as 
the shear and moment diagrams as proposed by Tschebotarioff (fief. U6, 

I 9 U 9 ) for the design of flexible anchored bulkheads in sand. This method 
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corresponds to the results of tho model tests at Princeton University 
(Ref. U6) which showed that full restraint of the lower portion of the 
bulkhead was effective wh.n the ratio D/H equalled (expressed in 

the terms used in this thesis equalled 0.60). This occurred when the 

point of contraflexure approximately corresponded to th« dredge-line 
elevation (x = 0) for normal backfilling operations. It was shown that 
this depth of embedment provided a factor of safety of at least F.S. = 2.0 
since tests performed with a ratio of D/H = 0.27 = 0.378) showed 

full stability of the bulkhead. 

The Simplified Equivalent Beam Method as proposed by Tschebotarioff 
(Ref. U6) represents a simplification of Blum's Equivalent- Beam Method 
(Ref. 3)* A depth of embedment D = 0.60 Hy^ is selected, and a hinge is 
assumed at the dredge lino. The active lateral pressures p^ above the 
dredge line are computed by using the equations o.33 f ' ' ' 

and pj^ = KaVs where h is measured from the top of the backfill downward, 
y is the unit vicight of the backfill, and the product y h represents the 
weight of the overburden at the depth h. The coefficient f ' ' ' is used 
to express the effect of wall friction on the reduction of the active 
earth pressure and it c^n be taken to equal values ranging from f * ' ' =0.9 
to f ' ' ' = 3.2 as shown in Table 7« Those values take into account the 
flexibility of the bulkhead and the type of sand. The coefficient f 
is used to take into account the uncertainty concerning the model 
similarity of the passive oarth pressures above th^ anchor level and the 
tensile strength of the sand layer saturated by capillarity above the 
Virater level. Until further studies and observations are made, this 
coefficient may be taken to vary between the values f = 1.3 and f = 3-5 
(Ref. U6) . 
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Tablc 7 



Recommended Values for Coefficient f ' ' ' in = 0.33f ' ' ' 



Sheltered Strong Ocean 

Location Wave Action 





(per foot of wall) 


Clean 

Sands 


Silty 

Sands 


Clean 

Sands 


Silty 

Sands 


(Flexible) 


^ 20 in^/lbs 


0.9 


l.U 


1.2 


2.0 


(Stiff) 


20 in^/lbs 
6 invlbs 


1.2 


1.8 


1.6 


2.6 


(Very Stiff) 


<C 6 in^/lbs 


1-h 


2.2 


1.9 


3.2 



(After Tschebotarioff, Ref. $2, 1953) 

3rd International Conference on Soil f/iechanics and Foundation 
Engineering, SvrLtzerland, 1953* Discussion by G. P. 
Tschebotarioff Session 7 (Earth Pressure, Retaining 'walls. 
Tunnels and Shafts in Soils) 



By the use of this method and by referring to the above equa- 
tion for and Fig. 26, thcimaximum positive bending moments can be com- 
puted and used for design purposes in conjunction with a 33 pur cent 
increase in permissible unit stresses in the steel from 18,000 psi to 
2U,000 psi. The factor of safety of F.o = 1-U which is thus obtained in 
respect to tho- yield point of the steel is believed to bo sufficient to 
take care of any other possible unfavorable effects (Ref. U6) . 

However, Tschebotarioff does not consider that any correspond- 
ing decrease in factors of safety is permissible in the design of anchors 
and their supports :ind connections, , specially if there is some uncer- 
tainty concerning the properties of the soil beneath the dredge line. 

In the event of any excessive yielding of the soil in front of the bulk- 
head, it may be counteracted by an increased resistance of the anchor 
(Ref. U6) . For that reason he recommends an increase in all cases of the 




FIG, 26. Pressure, Shear, and Bending Moment Curves as Computed by 
Tschebotarioff * s Simplified Equivalent Beam Method for Anchored Bulkheads 
in Sand. 
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anchor pull values computed from the diagram of Fig. 26 by dividing them 
by thv^ expression (1 - ^ ) f ' ' where the coefficient f" can be taken 
to equal unity in cases where reliable granular material is located beneath 
the dredge line. Any uncertainty concerning the nature of the material 
and, hence, concerning the safe depth of embedment, may be partially 
compensated for by decreasing the value of f ' ' . The exact values of 
the advisable decrease arc a subject for further research. However, a 
rule of thumb to be used for safe design purposes would be to set the 
value of f ' ' = 0.5 to O .7 for soft bottom soils, f ' = 0.? to 0.9 for 
most sands and f * ' = 1.0 for reliable granular Sana (Hef. U7, 19U9). 

For purposes of case of comparison with the other methods con- 
sidered in this paper the follovdng assumptions are made in order to 
obtain results consistent with previous computations: 

The coefficient of active lateral earth pressure = 0.3. 

No increased resistance in the anchor pull Ap was considered. The same 
proportions for and have been used and the main difference in 
the Simplified Equivalent Beam iiethod is that the point of contraflexure 
is assumed to be at the dredge line, whereas in Blum' s method the location 
of the point of contraflexure varied with the value of the angle of 
internal friction 0 as previously discussed. 

The maximuiTi positive bending moments computed for various methods 
of design of anchored bulkheads in sands using the same depths of embedment, 
i.e., 0.6 Hyy, as compared vdth the Simplified Equivalent Beam Method are 
as follows: Values computed on the Free Earth Support Method v/ere approxL- 
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matoly equal to 222^, values computed by Blum's Equivalent Beam Method 
were approximately equal to 120^ and the values computed by the Danish 
Rules ranged from approximately 11 % to approximately 81^ (for D = 0.1495 
of those values computed by Tschebotarioff ' s method. 

In regard to the Bremen measurements, values of maximum bending 
moment cemputod by Tschebotarioff s method were 92 to 96 % of the actual 
values whereas those computed by the Free Earth Support Mv^thod were 
133 to 160^ and those computed by the Danish Rules were 60 to 10 % of the 
actual values. 



5. Moment Reduction Factor for Free Earth Support Method 
Proposed by P. W. Rowe. 

Results of a series of extensive model tests, conducted on 
apparatus utilizing model pile lengths of approximately one-half the 
size used by Tschebotarioff, were reported by P. W. Rowe in Ref. 36 along 
with a proposed method of reducing bending moments computed in accordance 
with the Free Earth Support theory. The determination of the reduction 
factor is based on the flexibilities of various sections of sheet piling 
and the ratios of the recorded bending moments of model sheet piles to 
the computed maximimi bending moments in accordance vd.th the Free Earth 
Support theory. 

In defining the flexibility of piles, Rowe proposes th^; use of 



a term 



where: 



/5 _ 

“ El 

= flexibility number 

H = total overall length of the pile (ft) 

E = Young's modulus of pile material (#/sq.in.) 

I = moment of inertia of a one-foot section of the pile wall 
(inVft) 
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Tht flexibility numbers of various practical sections computed 
on tho basis of these units are quite small, being in the magnitude of 
1.0 X 10~2 to 1.0 X 10“^. Rowe therefore proposes the use of the logarithum 
of the flexibility number, or in other words, log as the designator 
of pile flexibility. 

It is considered necessary at this time to explain that F’ig. 27 
which is referred to in subsequent paragraphs is in error. The points 
for loose and dense sand at log = -2.7 are actually the reverse of 
those shown. The point for loose sand at log P - -2.97 is approximately 
correct but the corresponding point for dense sand was omitted and should 
have been located at the value of ^ = 70%. Tschebotarioff draws a con- 
clusion that both Rowe (Ref. 36) and Terzaghi (Ref. hh) have exaggerated 
the original density of the sand prior to the driving of the sheet piling. 
See Ref. 53* 

The accumulated results of his series of tests are shown in 
Fig. 27. The ordinate of these curves is the ratio 

t - ;= X 100 

^max 

where: T = M/H^ or the observed maximum positive bending moment per 

unit of model height 

“^max = Mmax/H^ or the computed maximum positive bending moment 
by Free Earth Support for conditions applicable to the 
model . 

and the abscissa is the log or the flexibility of the model sheet pile. 

The series of tests conducted showed the percentage of allow- 
able bending moment decrease ^ to be independent of position of the 
anchor, the applied surcharge, the angle of internal friction, and the 
unit weight of the soil. Rowe then takes the allowable decrease as a 






function of pile flexibility and soil relative density only, and on the 
premiSo that model and prototype conditions vdll be similar if the values 
of flexibility numbers p are equal, develops his method of moment 
reduction as explained below. 

Using the curves sho^vn in Fig. 27, what Rowe calls the "Operat- 
ing Curve" is first plotted by computing the maximum bending moment in 
accordance with the Free Farth Support theory, dividing this moment by the 
cube of the height to obtain 

< _ ^ max 

•'max “ — 

This value is then plotted as a horizontal line Tjjjgjj as shown on Fig. 28. 
The proper density curve is then selected from Fig. 27 and the "Operat- 
ing Curve" is plotted by multiplying by the ordinates of the selected 

curve for various vcilues of log P . In Fig. 28 the "Operating Curve" 
is plotted for loose sand and a value of Tjjj^x 11.2, 

The "Structural Curve" is then plotted on the same diagram with 
the "Operating Curve." In Ref. 36 Rowe gives the following equations 
for the stmctural curves of various sheet pile materials and sections 
in terms of the flexibility number P and of the ordimte T: 

a. rtood piling of rectangular shape and uniform material, 
f = allowable working stress 

2f 

b. Concrete piling of rectangular cross Section v/ith equal 
areas of tensile and compressivu steel and 1^ inch cover. 

Allowable stress in concrete 750 #/sq.in. 

Allowable stress in steel 18,000 ^/sq.in. 




r 



0.053 




FIG. 27. Curves Showing Ratio of Maximum Bending Moments Recorded from 
Tests Conducted by P.W. Rowe and Maocimum Bending Moment Computed on the 
Basis of Free Earth Support (After Rowe, Ref. 36, 1952.) 




FIG. 28. Example Showing Method of Combining Operating Curve for Loose 
Sand at y rnax= 11.2 and Structural Curve for Wood Sheet Piling to Obtain 
Design Bending Moment (After Rowe, Ref. 36 , 1952.) 
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Allowablt. st^^ss in concreto 1250 {f/sq. in. 

iillowablc stress in ste.;l 22,UOO ^/sq.in. 

_ 0.062 
T = „0.15^0.7'^ 



c. Rolled steel sheet pile shapes allowing a working stress 
of 8.0 tons/sq.in. or 17,920 #/sq. in. 

U. S. Steel 

_ 0.638 

^ ~ h0.5U ^0.615 



Larssen 



T = 



0.562 



p^.5ii^ 0.615 



Dorman Long and 
Frodingham'*’ 



ir = 



8.15 



i,0.l6 ^0.71 ^ iq2 



*Not applicable to box piles. 



An intersection of the two curves gives the flexibility number 
of the pile section at which the acting and the allowable bending moments 
are the sciiio. The total length of the pile H .end th._ value of Young' s 
modulus being known, the required moment of inertia may be obtained from 
the log . The stress on a selected Section of particular flexibility 
number may be obtained as a proportion of the working stress used in 
plotting the "Structural Curve" as shovm in Fig. 28. 



In considering Free Earth Support, Rowe proposed computation 
in accordance i.’ith Method 2, heretofore discussed in Section IV B-1. 
His tests indicated a horizontal shear force acting on the toe of the 
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model sheet pile which he designated as Tg and which he used in computa- 
tions. It is to be noted that his model tank alloived only three inches 
olc-arance between the bulkhead toe and the floor of the tank. It 
a,jpcars that this force may have been at least partially due to the 
shear developed by friction of sand against the floor of the tank. 
Tschebotarioff and Johnson have shown the distribution of forces trans- 
mitted to such rigid boundaries (Ref. ^ 1 , 1953)* It therefore appears 
logical to ignore this force in computation as was pointed out by Terzaglii 
in discussion of Ref. 36. 

^ However, the variation of the maximum moment with assumptions 

I concerning the point of application of passive pressure, the consideration 

of wall friction, and the i^'actor of Safety have already been discussed 

in the section on the Free Earth Support Theory. Since the curves of 

Fig. 27 are based on the ratio £ = _X— ^nd since the value of 

; “^max 

may vary under the different assumptions if computed on any depth of 

embedment other than the critical depth (the Factor of Safety against 

toe kick-out = 1.0), attention should be paid to computing this value on 

the conditions which Rowe used in establishing various values of . 

Therefore, Rowe's reco.mnondations for C' mputation of the maximum bending 

I moment should be adhered to if his reduction procedure is to be used. 

These recommendations are restated as follows: 

a. Active earth pressure taken as the Coulomb value with = 2/3 0 

) 

I, b. Passive earth pressure taken as the Coulomb value with S = 0 

and trapu;zoidal distribution with a Factor of Safety equal to 1.*^ 
c. A shear force Ts acting at the toe of the sheet pile so the 
resultant tota] passive pressure acts at a point 1/3 D above 
the toe. 




■1 
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This limitation is contrary to the procedure outlined by Terzaghi 
(Ref. liU, 1953 ) j who recommends the use of Howe's bending moment r«-duc- 
tion procedure but applies it to the moment obtained by a different 
approach to the Free Earth Support Method. 

It is to be noted from an examination of Fig. 29, which is 
taken from Ref. 53, that in the range of rolled steel sheet pile sections 
a reduction of the Free Earth Support bending moment of about 55^ is 
obtained by Rov/e's method. The resulting reduced bending moment corresponds 
to the maximxim bending moment obtained by use of the Simplified Equiva- 
lent Beam Method proposed by Tschebotarioff . This is significant in that 
model similarity between the large scale tests conducted by Tschebotarioff 
and prototypes of rolled steel sheet piles was attempted. 

In the same reference Tschebotarioff expanded upon the flexi- 
bility number as proposed by Rowe by showing the relation of in the 
units used in Ref. 36 , that is and in the more consistent 

units of (in^#)/ft. The relation of the two systems of units are shown 
tythe curve in Fig. 30. It is to be noted that this system of 

r\ 

units {xrr/#)/tt corresponds to the units of the modulus of volimio change 
lOy. which is the reciprocal of a stress. The term l/ft introduced in the 
above expressions and as shown in Fig. 30 can be interpreted as a desig- 
nator of the length of the section of wall considered. 

Fig. 30 also served as an indication of the economics which 
may be realized from the design of bulkheads by the Simplified Equiva- 
lent Bea,Ti Method as compared mth design by the Frew Earth Support Method. 
For if thw curves representing the stiffness factor versus the total 
length of thw pile H, as indicated be plotted for various sections as 




PILES" 

FIG. 29. Comparison of Points of Intersection of Structural Curves for 
Steel Sheet Piles with Moment Reduction Curves Proposed by P. W. Rowe. 
(After Tschebotarioff , Ref. 53> 1953«) 



DESIGN CURVES , U) a (2) ( 22,000 PSI ) 




FIG. 30. Design Curves Based on P.W. Rowe's Proposal as Modified by 
Tschebotarioff Indicating Total Allowable Height H According to Two 
Methods on Moment Computation. (After Tschebotarioff, Ref. 53> 1953«) 
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shown in Fig. 30, the selected value ol' immediately results in the 
allowable total length of pile ri. These curves are plotted on the basis 
of the same conditions as described in Section VI A. 

Economies which can be realized by use of the Simplified 
Equivalent Beam Method as compared to the Free Earth Support Method 
^vithout moment reduction coefficient may be readily seen by £in examina- 
tion of Fig. 30. As an example, considering an MZ-38 rolled section, a 
total length of sheet pile H equal to 62 ft. or a vtater depth of equal 
to 31 ft. would be allowed according to the Simplified Eqiivalent Beam 
Method. This is compared with a total length of sheet pile H equal to 
U? ft. or a water depth equal to 23.5 it. only if the design corre- 
sponded to the Free Earth Support Method vdthout moment reduction. Or, 
in other words, if a fixed water depth equal to 23.5 ft. which is 
equivalent to a total length of sheet pile H.'of kl ft. is considered the 
Simplified Equivalent Beam Method would perrait the use of an MZ-22 
section while the Free Earth Support Method without bending moment reduc- 
tion would require an MZ-38 section. 

6. Comparison of Methods in Sands. 

The authors have made comparative computations using the methods 
heretofore described and the standard propertions and conditions set 
forth in Section VI A. 'fh<- results of these computations are sho’wn 
graphically in Figs. 19, 20, 22, 2li and 26. The numerical results are 



shown in Table 8. 



-119- 



Table 8 

Numerical Results of Comparative Analysis in Sands 



Free Earth Support Theory: 



Assumption 


D 


y 


F.S. 




M 








y Ka 


Method 1. 


0.6 


0.600 


1.0 


0.5U5 


0.182h 




0.8 


0.382 


1.37 


0.552 


0.1880 




1.0 


0.352 


1.68 


0.555 


0.1928 




1.5 


0.3U2 


2.U8 


0.569 


0.2016 




2.0 


0.362 


3.05 


0.525 


0.1680 


Method 2. 


0.6 


0.600 


1.0 


0.5h5 


0.182U 




0.8 


0.362 


1.U3 


0.595 


0.2232 




1.0 


0.328 


1.83 


0.6U0 


0.2672 


Method 3* 


0.6 


0.600 


1.71 


0.5U5 


0.182U 




0.8 


0.800 


2.U5 


0.596 


0.2232 




1.0 


1.000 


3.12 


0.6l4li 


0.2672 


Danish Rules: 












Assumption 


D 


Q 


F.S. 




M 




71^ 




rj 


y Ka 


Qmin 


O.U95 


0.55 


2.0 


0.39U 


0.0672 


Qmax 


O.U95 


0.61 


2.0 


0.388 


0.0593 


Blum' s Fixed 


Earth Support: 








Assumption 


D 

Hw 


X 

h7 


Ka 




M 






7Ka V 


y Ka V 


0 = 39.7° 


0.U5 


0.000 


0.22 


0.391 


0.0830 


0 = 32.6° 


0.61 


0.077 


0.30 


0.U21 


0.1000 


0 = 20.0° 


1.16 


0.300 


0.U9 


0.550 


0.1875 



7 
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Tschebotarioff s Simplified Equivalent Beam: 




Assumption -P- 


F.S. 


“P 


M 


Hw 




1 Ka 


TTTKP 


Hinge at D.L. 0.6 


2.0 


0.390 


0.0830 



Computations on the basis of the method proposed by P. W. Rowe 
are not included in the above table for the simple reason that his values 
on the basis of rolled steel sheet pile sections would compare very 
closely with the values computed by Tschebotarioff ' s Simplified Equivalent 
Beam Method as shown by Fig. 29. 

It is of interest to note that the tv;o oldest proposed methods 
of design, the Free Earth Support Theory and the Danish Rules, give the 
widest variation of values for use in proportioning the structure. 

Later proposed methods result in values which in general lie between 
those computed by these older systems. 

The results obtained by use of each of the methods analyzed and 
described are discussed at some length in the individual sections in 
which the methods are considered. It therefore remains to compare the 
analytical results with results of field measurements on actual bulkheads. 

The measurements conducted by Wiegman (Ref. 59> 1953) in the 
harbor of Bremen have been mentioned previously, and the results of one 
such series of measurements are shovm graphically in Fig. 25. It is to 
be noted that these measurements resulted in essentially the same condi- 
tions of bending moment as would be obtained from an analysis in accordance 
with Tschebotarioff s Simplified Equivalent Beafu Approach. The measure- 
ments conducted at Apra Harbor, Guam under the direction of the U. S. Navy 
(Ref. 30, 1950 ) cannot be considered as conclusive as those conducted 
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by Vi(iegman since only anchor pulls were measured. However, the values 
recorded were in the magnitude that would be anticipated from the approach 
of Tschebotarioff , Blura, or the Danes and not in the range which would 
result from use of the Free Earth Support Method. In this comparison, 
it is to be noted that in both of the above cases the bulkheads were of 
rolled steel section and the soils were of sand. It is believed signi- 
ficant that these were the conditions simulated by Tschebotarioff in his 
series of tests. 

In the case of measurements conducted by Duke (Hof. 1$, 1953 )j 
the recorded anchor pulls were even higher than those computed on the 
basis of Free Earth Support. The reasons for this have been discussed 
earlier in this paper and, although not a particularly unusual set of 
causes, are due to considerations of judgment not ordinarily encountered 
in the purely theoretical approach to bulkhead design. 

This comparison of actual and theoretical results emphasizes 
the requirement for full knowledge of (1) the soil conditions at the 
site, (2) the loads during and after construction, and (3) full under- 
standing of the interaction of bulkhead and soil, i/ifith these points in 
mind, economies can be realized. 

C. Methods of Analysis of Bulkheads in Clays 

1. Classical or Strength Method of Design. 

The application of the classical theory of earth pressure, 
according to Coulomb, to the design of anchored bulkheads in clays has 
been proposed by Skerapton (Ref. 37, 19U5) in connection ivith a discussion 
on the stability of slopes. The active lateral pressure at any depth z 
in the clay is given by the expression 



V 






•f 




I 
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= z y - 2c = 2 y - 

In the event that this results in a minus quantity, the assumption of 
Cain (Ref. U7, 1951) that the minus quantity be taken as equal to zero 
is used. The passive resistance to movement of the toe of the bulkhead 
is given by the expression 

Pp' = z' y’ + 2c = z' y' + q^ 

where z' is the depth below dredge line. However, the net resistance to 
forward movement of the toe is only the difference between active and 
passive lateral pressures or in unit pressures at the dredge line where 
z' = 0 and z = H: 

Pp = Pp' - Pa = 0 + % - 
= 2 Pa - H y 

As the fluid pressure distribution of the active side counteracts the 
fluid pressure distribution of the passive side below dredge line, the 
passive pressure distribution below the dredge line is uniform. 

' These assumptions immediately establish a critical height and 

load condition for bulkheads in clay beyond viSiich stability of the 
structure can not be maintained by any depth of sheet pile penetration 
(Ref. 1951). For in order to develop effective passive pressure in 
front oi the toe of the wall in accordance vdth 

Pp = 2 qu - H y 

the condition that 

H y < 2 q^ 

must be realized, or in other words 



2 qu 




.J* 
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Actually the practical critical height lies somewhere short oi the critical 
height as indicated since no pressure can be developed in the passive 
zone if the above specified condition exists. Sufficient passive pres- 
sure must be available to permit assignment of a safe depth of penetra- 
tion within economical and practical limits. The deepest penetration, 
in respect to height above dredge line foxmd in records examined by the 
authors, is in an example of a quay wall at a non-dosignated Baltic harbor 
given by Ref. 2[j, in which the depth of penetration D = Ul.O' exceeded 
the height above dredge line of H = 38.0' . This construction was in 
clay, but none of the physical characteristics of the material were given. 



is illustrated in Fig. 31 (!)• A hydrostatic distribution (K = 1.0) of 
pressures is assumed for clay on the active side of the bulkhead and the 
resulting pressures are reduced by the value = 2c or the determined 
unconfined compressive strength of the clay involved. The unit passive 
pressures are determined as a direct function of the hydrostatic pressure 
at the dredge line and the unconfined compressive strength 



The required depth of embedment is then solved for by assuming a uniform 
distribution of passive pressure with the resultant acting at one-half 
the deptn of embedment and by summing moments about the anchor point. 



be solved for by the principles of statics. 

It is to be noted that depth of penetration solved for above 



The procedure for solution according to Skemptoris proposals 



pp = 2 % - H y 



The anchor pull is then obtained by 




maximum moment may 



is the minimum depth required to maintain stability against toe kick-out 
or, in other words, provides a Factor of Safety of 1.0. Skempton makes 








PRESSURE SHEAR MOMENT 

■yH, 2 ThJ 



FIG. 31. Pressure, Shear and Bending Moment Curves Showing Comparison of 
Three Methods of Computation for Anchored Bulkhead in Clays (l) Skempton*s 
Proposal Showing Values Computed on the Basis of Critical Depth of Embedment, 
(ll) Skenipton's Proposal Showing Values Computed on the Basis of Depth of 
Embedment with F.S. = 2. (lH) Tschebotariof f ' s Proposal Showing Values 
Computed with and without the Reduction of the Pressure Area Number 6. 
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no commitment as to the method of applying a Factor of Safety greater 
than 1.0. In Ref. hi, 1951, Tschebotarioff su-,gests that th.- critical 
depth of embedment be multiplied by the Factor of Safety in order to 
obtain the ectual required depth of embedment. It is to be noted that 
this method of application of the Factor of Safety results in a greater 
depth of penetration thcin is obtained by applying the same Factor of 
Safety to the unit passive pressures by 

Pp _ 2 - H y 

F.S. F.S. 

and using this reduced magnitude of passive pressure to solve for the 
required safe depta of penetration by summing moments about the anchor 
point. This difference of course results from the increased length of 
the moment arm of the resisting moment under the second method v/hile 
the components of the active moment romaiin unchanged. Comparison of the 
values of Factors of Safety obtained under these two fiifferent assumptions 
are plotted for critical depths of 0.3 0.5 and 0.? Hw are shown 

in Fig. 33. 

Computation of shear and bending moments developed using 
critical depth of embedment and developed using a depth of embedment 
increased by dividing the unit passive pressure by a Factor of Safety 
of 2.0 result in the curves shovm in Fig. 31 (I) and (II) respectively. 
These have been plotted on the, basis of unconfined compressive strength 
of such magnitude as to require depths of embedment of 0.3 0.5 

and 0.7 

Curves shown are on the basis of the assumption that the passive 
pressure distribution is uniform in nature. Unfortunately this is probably 
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not the case. Application of pressure to the passive zone by the deform- 
ing bulkhead would not initially be uniform under the same considera- 
tions as advanced in the case of sands. These pressures would result 
in consolidation (Hef. 19U3) of the clay in the passive zone as 
pointed out by Ref. hi and as may be interpreted from the deflection of 
the model bulkhead tests 11 A and 12 A described by Ref. UU. The degree 
of this consolidation and the redistribution of pressures resulting there- 
from remain a matter of conjecture. 

2. The Consolidated Equilibrium Method of Design. 

Observation of the measured pressures developed in clay against 
restraining structures, of lateral pressures in Dutch Cell tests, and of 
the similarity of consolidated equilibrium and active lateral pressures 
of consolidated plastic clays, as discussed in Section III C, led 
Tschebotarioff to advance a method of design (Ref. U6, 19h9) based on the 
consolidated equilibrium pressure concept for the active pressure 
distribution. 

This method assumes a triangular active pressure distribution 
based on a value of = 0.5 beginning at the surface or at the surface 
of thts theoretical fill required to produce an equivalent value of any 
acting surcharge. It therefore follows the pattern of observed pressures 
in models and the observed pressures on strutted excavations in clays. 
Another feature of the proposed pressure diagram is the optional elimina- 
tion of a wedge of active pressure at the dredge line, as shown in Fig. 31 
(III) corresponding in height to one-quartor of the water depth The 

author of the method recommends the omission of this wedge of pressure 
in the case of medium or stiff plastic clays whereas he recommends that 



it bv, includod in the computation in the case of soft clays of low 
shearing strength. The omission of this wedge corresponds to the actual 
observed pressures and is accounted for by the transmission of forces 
to the zone below the dredge line, by shear. 

The passive pressure is assianed to be established by the un- 
confined compressive strength of the soil and is dependent on the following 
relation 



P 



P 




= 2c 



Pa 

0.5 H y 



in which p-^ or 0.5 II y is the unit active pressure at the dredge line. 
This results in the existence of the same critical height as discussed 
for the strength method. The passive pressui'O distribution is assumed 
to be unifomn and the entire passive pressure E_ , in other v/ords, 

Pp Dcr is assumed to act at the dredge lino. 

This assumption of the location of the point of contraflexure 
or zero moment simplifies the mechanics of solution for the resultant of 
passive pressure Ep since it may be solved for directly by summing 
moments about the anchor point. The required critical depth of embedment 
is then obtained by 



i*cr ~ 



Jp 

% -• Pa 



soluuion for anchor pull and maximum raoiiient then follows in the same 
soquonce of oporatioxi as described for the preceding methods. Pressure 
diagrams and resulting shwar and moment curves are shown in Fig. 31 (III). 
It is to be noted that the assumptijn of th^ hinge at the dredge line 
eliminates change in bending racment with increased depth of penetration 
to provide a Factor of Safety gre .ter than l.C against toe kick-out. 
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In applying this Factor of Safety, Tschebotarioff proposes th;± it be 
used as a multiplier of the critical depth. 

3 . Comparison of Methods in Clay 

The authors have made comparative computations using the 
methods heretofore described and the standard proportions and condi- 
tions set forth in Oection VI A. The results of these computations are 
shown graphically in Figs. 31 ajod 32 and are recorded in Table 9 * 



Table 9 



Nui.i9rical Results oi Comparative Aiaalysis in Clays . 



Strength Method Proposed 


by Skempton; 








Assumption 


D 


F.S. 


% 




M 




TTT 




TTi? 


1 

a 7 y-^ 


0.3 


1.0 


0.569 


0.062 


0.0196 


Mmax 01 ^ basis of 


^cr 


0.5 


1.0 


0.530 


0.081 


0.0297 




0.7 


1.0 


0.5.08 


0.096 


0.0380 


K. = 1 - Si- 

a Ye 


0 .SU 2 


2.0 


0.569 


0.069 


0 . 02 ii 6 


Mrn™ on basis of 


D with FS. = 2.0 


0.870 


2.0 


0.530 


0.091 


0.0376 




1.190 


2.0 


0.508 


0.109 


0 . 0 ii 78 


Consolidated Equilibrium 


Method Proposed by Tschebotarioff: 




Assumption 


D 


F.S. 


Qu 


Ap 


M 




' / H,.r 


'T'h?' 


TT? 


Ka = 0.5 

Hinge at D.L. 


0.3 


1.0 


0.878 


0 . 16 U 


0.0359 


with pressure 
reduction 


0.5 


1.0 


0.707 


0 .l 6 [i 


0.0359 


0.7 


1.0 


0.633 


O.16U 


0,0359 


ta = 0-5 

Hinge at D.L. 


0.3 


1.0 


1.010 


0.169 


0.0389 


without pressure 
reduction 


0.5 


1.0 


0.810 


0.169 


0.0389 



0.7 



0.707 0.169 0.0389 



1.0 



* SURFACE 





SURFACE 






0.0 05 1.0 



0.2 0.1 0.0 0.1 02 



0.00 0.03 0.06 0.09 



PRESSURE 

■y 



SHEAR 

ynl 



MOMENT 



FIG. 32. Pressure, Shear and Bending Moment Curves Showing Comparison of 
Values Resulting from Driving Through Soft Clay Layers to Support in Firm 
Underlying Stratum. (l) Tschebotariof f ' s Proposal. (ll) Skempton's Proposal. 




FIG. 33. Variation of Apparent Factor of Safety and True Factor of Safety 
Based on Different Values of Depth of Embedment. 




FIG. 34. Variation of Maximum Bending Moment with Depth of Snbedment According 
to the Free Earth Support Method in Sands, Showing Effect of Various Assumptions 
as to the Point of Application of the Passive Pressure Resultant. 
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Bulkhead in Clay from .jichor Point to Solid Support at Toe: 
Strength Method 



Assumption 


D 


Qu 


.fp 2 


^ 2 


M ^ 


Hw 






y ^ 




Zoro pressure 
from DL to toe 


0.3 


o.hB 


0.107 


0.119 


O.OU62 




0.5 


0.U5 


0.093 


0.13U 


0.0561 




0.7 


o.h5 


0.082 


0.1U5 


0.0653 




1.0 


o.ii5 


U.069 


0.157 


O. 075 I 1 


Consolidated 


Equilibrium 


Method 






Assumption 


JL 


qu 


^ 2 


Ap 

2 


M 


Hy;- 


'Tfw 






Zero pressure 
from DL to toe 


0.3 


o.ii5 


0.139 


0.210 


0.06i4U 




0.5 


o.li5 


0.120 


0.229 


0.0771 




0.7 


0.U5 


0.106 


0.2143 


0.0873 




1.0 


0.U5 


0.090 


0.259 


0.0995 



An examination of the results of computations in accordance with 
the strength method shows that a decrease in unconfined compressive 
strength of only requires an increase in critical depth of embedment 

from 0.3 to 0.? or 133%-' This increased depth of embedment in turn 

results in an increase of 9h% in the maximum bending moment, regardless 
of whether this is computed on the basis of or D v;ith F.S. = 2,0. 

It is therefore seen that this method is very sensitive to variation in 
the value of the unconfined compressive strength q^. Except in the case 
of extremely meticulous saiapling and laboratory techniques applied to the 
examination of deposits of completely uniform and homogenous clays, it is 
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doubtful that we can consider that laboratory values are •within 10)o 
of actual values in situ. t*ven then with clays of appreciable sensitivity 
to remolding there is no assurance that the values will not be changed 
by construction operations. 

The bending moment computed in accordance with Tschebotarioff ' s 
proposed consolidated equilibrium method does not change vdth increased 
depth of embedment. The bending moment thus canputed is larger than 
that computed by the strength method for firmer materials and smaller 
than that computed for softer materials. It is to be noted in general 
that "the consolidated equilibrium approach requires values of q^ 
from 25/6 to 55^ greater than the strength method for stability of the 
toe at equivalent depths of embedment. 

From the discussion of active pressures in clays, given in 
Section III, and from consideration of the results of actual measurements 
of pressures as taken from references quoted in that section, it seems 
apparent that the nature oi pressure distribution proposed by the con- 
solidated equilibrium approach is more nearly correct than the distribu- 
tion assumed by the str.,ngth approach. As for the validity of -the 
coefficient of neutral lateral pressure of K = 0.5 proposed by 
Tschebotarioff, the more recent investigations appear to substantiate 
its correctness. However, it must be borne in mind that this refers to 
a truly consolidated material, as pointed out by Terzaghi (Ref. UU, 1953) j 
the application of further load to a stratum of consolidated clay will 
result in (according to the present thv-ory) an immediate direct increase 
in lateral pressure equivalent to the applied load due to this load ini- 
tially ha-ving been taken by excess pore »vater pressure u . This pressure 
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due to excess pore water will decrease as consolidation takes place 
until the entire portion of the newly applied load is supported by the 
soil skeleton. The time involved will depend on the drainage boundaries 
and the permeability of the soil. In the same reference, Terzaghi also 
points out that tho- cohesion of a newly deposited hydraulic fill of 
high clay or silt content is very small and therefore the resistance of 
the fill against horizontal displacement is very low so that a value of 
K = 1.0 or the direct unreduced hydrostatic pressure of the fill must 
be taken by the bulkhead at this stage of constniction. The failure of 
a quay wall, vdiich was at least partially due to the excess pore pressure 
developed during th-e consolidation of such a fill, was reported by Coxe 
(Ref, 11, 19li9)» Ths, degree of consolidation of the material and the 
degree of pore pressure which may be developed during further loading 
and consolidation must therefore be carefully considered. 

The assxiiiiption of the hinge at the dredge line results in the 
requirement of a greater depth of penetration for a given strength clay 
or, in other words, requires a clay of higher unconfined compressive 
strength for the same depth of embediiient than is required by the strength 
method. These relationships are shown in Figs, 35 and 36. The graph 
presented in i<lg. 35 is based on an assumed maximum practical depth of 
embedment equal to the height between dredge line and surface of retained 
material and assuming a Factor of Safety equal to 2.0 and the standard pro- 
portions above the dredge line used in comparison with other methods. 

The required unconfined compressive strength shown in this figure may 
be considered as an indication of the strength required for various condi- 
tions of water depth. Variation frera that required by actual field pro- 
portions would depend on the degree of conformance of field loads and 





Fig. 36. Variation of Unconfined Compressive Strength Required to Maintain 
Stability with Ratio of Critical Depth of Embedment to Water Depth. 
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conditions described in Section VI A, for which these curves were coia- 
putod. The same restrictions apply to the more general set of curves 
shovm in Fig. 36 v/hich are plotted for any ratio of critical depth of 
penetration to total height above dredge line. 

The effect which the assumption of a hinge at the dredge line 
has upon the maximum bending moment is evident from an examination of 
the bending moment curves of Fig. 31. Whether or not this assumption is 
justified at our present state of knowledge as to the action of bulkheads 
in clays is questionable, for application of pressures vail undoubtedly 
cause some consolidation and lateral movement as a function of time. 
However, if a safe depth of embedment is provided so as to preclude the 
development of failure conditions, v;e must also consider that pressures 
of less magnitude than active pressures can cause a degree of fixation 
(Ref. 53, 195U). 

In considering degree of fixation and consequently effective 
span length and bending moment, one situation of considerable importance 
in tliis respect must be considered. If the bulkhead is driven through a 
stratum of very soft clay or mud below the dredge line to firm material 
underlying layer such as gravel, the effective point of application of 
the resultant vdll be at tho lower depth. If the unconfined compressive 
strength of the soft layer cannot be depended upon to provide resistance 
to the forward deflection of the bulkhead, a situation analogous to a 
simple beam supported at the anchor and at the depth of the firm stratum 
is developed. The maximum moments which can be anticipated under this 
circumstance are indicated in Fig. 32. It is to be noted that the com- 
pressive strength of the clay in this instance has been taken so as to 
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oliininate any pressure on i^ithcr the active or th^, passive side of the 
bulkhead below dredge line. It is to be pointed out that a more un- 
favorable condition can be developed by the height of the bulkhead being 
beyond the critical height for a bulkhead embedded in clays so that an 
additional uniform load acting on the active side between the dredge 
line and the firm stratum must be assumed. 

In view of the unknown or questionable quantities described 
above, it appears that the design of bulkheads in clay must be made in 
full recognition of our limited knowledge and should include Factors of 
Safety in accordance therevdth. In cases of really questionable stability, 
consideration should be given to the removal of the soft material by 
dredging and its replacement vdth firm sand as illustrated in Fig. 18. 

Such an operation must be checked for stability against failure on the 
plana of a circular slide. 
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VII 

CONCLUSIONS 

1. Considerable savings may be realized in the design of anchored sheet 
pile bulkheads but only through a full recognition of all of the 
factors involved. 

2. Design should be based on a complete soils survey of the site and, 
in the case of a backfilled wall, of the material to be used in the 
fill. 

3. tvith ccanplete soil data available, it is then possible to combine 
the analysis of soil conditions with the anticipated load conditions 
and to determine by judgment the nature of interaction between soil 
and bulkhead which may be expected, for possible savings depend pri- 
marily upon this factor. 

1*. Close correlation between design assumptions and construction pro- 
cedures is essential in order to attain a safe usable structure. 

5. Backfill material must be placed in a manner that will not build 
up excess pressures behind the bulkhead unless such pressures have 
been considered in the design. 

6. Unconsolidated material which overlies the site of a proposed bulk- 
head should be removed prior to commencement of construction. Deep 
underlying stratas of unconsolidated material may be consolidated 

by the use of sand drains and thus eliminate possible future failures. 

7. The anchors must be located in a stable zone of material well back 
from thu bulkhead and provisions should be made to preclude settle- 
ment or uneven yield of the anchor tie rods. 
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8. Tho sheetpiling, wales, fittings, tie rods and anchors (v^hen applic- 
able^ should bo protected against corrosion. 

9- Proper provisions for drainage of the area behind the bulkhead 

should be made in order that excess water from any one of a number 
of possible causes will not create a differential water level not 
considered in the design. 

10. Accidental overdredging in the area supporting the toe of the bulk- 
head must be carefully guarded against and intentional overdredging 
should only be undertaken after careful analysis since toe kick out 
is one of tho prevalent types of failure. 

11. Flow slides must be guarded against when working around loose granular 
material. 

12. The sand dike method of anchored bulkhead construction provides a 
safe economical structure in an area underlain with soft clay as 
long as the provisions of the Swedish Circle method of stability 
analysis are met with an adequate Factor of Safety. However, this 
method should not be adapted in a geographic location susceptible 
to earthquakes. 

13* The rock dike type of construction may be used only with care and 
discretion in order to preclude possible detrimental effects. 

lU. In exposed areas, protection of anchored bulkheads fresa excessive 

wave action and storm conditions should be given careful consideration. 

15- Dredging of excessively deep cuts in front of concrete sheot pile bulk- 
heads with grouted joints will result in uneven deflections of 
adjacent sheet piles 'with resulting failure of joint closure. If 
tho retained material consists of sand, largo quantities may be lost 
through joint openings with resulting caving of the area behind the 



bulkhead. 
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16. Backfill material should be placed in even layers to prevent forma- 
tion of horizontal arches in the sand mass v/hich v;ould result in 
uneven distribution of pressure on adjacent sections of the bulkhead. 

17 - where the soil into which the bulkhead is to be embedded consists 
of material which may be treated as sand, the Simplified Equivalent 
Beam Method may be used with a modified value of K^, to compensate 
for desirable or undesirable features of the particular installation. 

18. The Free Earth Support Method, in general, results in much higher 
values of bending moment than have been indicated by either model 
tests or analysis of many existing structures. In the few cases of 
model studies in which measured bending moments have corresponded to 
those canputed on the basis of Free Earth Support without moment 
reduction, the agreement has resulted from conditions bordering on 
complete failure of passive support of the toe due to insufficient 
embedment or from bulkheads so stiff in relation to applied loads 

as to prevent appreciable deflection. 

19 . Various proponents of the Free Earth Support Method have advanced 
different conditions for the application of the Factor of Safety 
against failure of restraint of the passive zone, for the point of 
application of the resultant of passive pressure, and for the degree 
of effectiveness of wall friction 8. These different assumptions 
give indicated Factors of Safety against failure of passive support 
v/hich do not agree v/ith the Factor of Safety v/hich is probably 
developed. 
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20. Computation of the maximum moment by the Free Earth Support Method 
on the basis of computed depth of embedment in sand using a Factor 
of Safety against failure by toe kickout of F.S. = 1.0 and 6=0, 
or of F.S.3> 1.0 and 8^0 results in greater values of maximum 
bending moment than have been indicated in model tests or in practice. 

A sheet pile section in sand designed on the basis of the bending 
moment thus computed contains a hidden safety factor. Conditions 

are quite different in clays. See Ref. 21. 

21. Some authors (Refs. 2, 36, and hU) advocate an increase of working 
stresses in bending v/hen considering the Free Earth Support Method, 
apparently to compensate for this hidden Factor of Safety. This 
approach is contrary to other practices of structural engineering 
and precludes a logical investigation of the actual Factor of Safety 
which may exist under different conditions of soil of load, of move- 
ment, or other influence either anticipated or of unexpected occurrence 
which may affect the design. 

22. The Fixed Earth Support Method proposed by Blum may result in greater 
than necessary values of depth of embedment, is cumbersome, and is 
not easily adaptable to computation of the effects of desirable or 
undesirable features of soils or loads. 

23. The interaction of bulkhead and soil in the case of a backfilled 
bulkhead is completely different from the case of a sunk and dredged 
wall. The Danish Rules are representative of the latter case and 
should be so limited to this condition and then only in sands. Sven 
then their assumptions are not compa.tible virith established conditions, 
and they should therefore be taken only as a rule of thumb. The com- 
plicated procedure of the Danish Rules seriously impair their usefulness 



in this manner 
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2U, The raothoJ by P. V. Rewo for reducing tho bonding raument resulting 
from the Free Earth Support Method is laborious in application and 
gives results which correspond to those obtained from tho use of 
the Simplified Equivalent Bean Method in the range of flexibility 
of available rolled steel sections or high strength concrete sections. 

25 . The consolidated eqiailibrium approach to the design of bulkheads in 
clays gives an active lateral pressvire distribution which is compat- 
ible with measured pressures and for that reason is preferred to the 
classical or strength method. 

26. The position of tho poiiit of zero moment in the case of a bulkhead 
embedded in clay may shift with consolidation and plastic flow of 
the clay. The plasticity, compressibility and sensitivity of the 
clay must therefore be considered in preparing the design. 

27 . Excessively high bonding moments may be developed in the case v/here 
the bulkhead is driven through a very soft layer of clay to solid 
support in an underlying stratum of firm material. This condition 
is due to the increase of tho effective span to the total distance 
between the anchor level and the firm underlying stratum. 
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